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EDITOR’S FOREWORD 


The Avionics Panel of AGARD has held two previous symposia on the subject of radio antennas: ‘‘Signal 
Processing Array” and “Radio Antennas for Aircraft and Aerospace Vehicles”. These each led to a printed volume 
of Conference Proceedings.* 


During the last few years there have been many developments in avionics and it has become increasingly 
apparent that in many cases the deciding factor determining whether or not a proposed radio system is feasible is the 
realisability of the antennas required. For this reason it is necessary that avionics engineers should look carefully 
at the latest developments in antenna science. 


With this in mind the Avionics Panel held a Symposium on the subject of “Antennas for Avionics’ in Munich 
from 26 to 30 November 1973. The present volume includes the full texts of the papers presented in shortened 
versions at this meeting together with a record of the subsequent discussions. 


In reading this volume of Proceedings the avionics engineer will be able to welcome many old friends such as 
the subject of HF antennas for aircraft. Three papers (7, 8 and 33) bear on this subject and I expect that after a 
further decade of research the problems of HF antennas in aircraft will still be unresolved. In fact it will be 
surprising if the problems have not worsened because of the growing importance for military purposes of small 
helicopters in which more and more metal is replaced by plastic and more and more antennas are fitted. For such 
vehicles it is becoming increasingly difficult to install wire antennas of sufficient length and to find sufficient metal 
structure to excite. Probably the biggest step forward in the design of HF aerials would follow the development of 
a process whereby corrosion could be prevented without impairing the radio-frequency conductivity between 
adjacent sheets of the fuselage thus making the best use of the metal availabie as a counterpoise. 


One of the new aspects of the study of avionics antennas is their application to the Acrosat systems, either on 
the aircraft, on the satellite or on the ground. The four papers (18, 19, 20 and 21) on the subject of antennas 
for aircraft installation in Aerosat systems reflect the difference in the designs of military and civil projects forced 
upon the engineers by the present frequency allocations. There is no doubt that the choice of the L-band frequency 
of 1600 MHz for the Civil Aerosat system does not suit the convenicnce of the antenna engineers concerned but 
results from the present allocation of frequencies. 


Two other papers (22 and 43) are concerned with the design of the antennas to be carried on the satellite 
of the system. The first describes a planar array which gives a circularly polarised beam by the interaction of 
longitudinal and transverse slots cut in the broad face of a high order mode waveguide. The second discusses a 
stepped reflector antenna for the gencration of a beam which is a good approximation to a sector in shape with 
low side lobes. This antenna was not designed primarily for Aerosat systems, but may well have applications in this 
field if the links from satellite to fixed ground station are moved into the higher microwave bands. 


The large dish antennas used for the ground to satellite link have much in common with those used for deep 
space communications. Three papers (29, 30 and 31) refer to such large dish antennas. Two of these have 
Cassegrain feeds while one is Gregorian. Among the factors discussed are dichroic sub-reflectors, toroidal aperture 
distribution and the design of dual mode horns. 


In parallel with the development of large dish antennas has gone the study of array technology. Two papers 
(11 and 34) discuss methods of thinning arrays in order to minimise the cost for a given performance. This process 
ef thinning not only diminishes the cost by reducing the numbers of array eiements, but also by simplifying the 
feeder system which may contain costly phase changers and circulators. This is a most important line of develop- 
ment because the biggest problem facing the would be designer of a large phased array is finding someone to pzy 
for it. 


Ancther paper (32) discusses the optimisation of the design of antennas used for Precision Approach Radars. 
In these applications the required scan coverage is very limited and advantage of this fact can be taken in the design 
procedure so that the number of feed elements and the complexity of the feeder system can be minimised. Several 
classes of such antennas are described and compared in terms of the element use factor. 


The design of antennas for Airborne Early Warning radars is discussed in Paper 12. This subject is an 
interesting example of the manner in which the choice of optimum frequency for an avionic system is often 
dominated by considerations of antenna performance. 


The number of antennas on aircraft seems to be ever increasing. Over the last few years there have been 
attempts made to make combined antennas which can be used simultaneously by more than one system at a time. 
A number of these are commercially available but they have not at present made much impact on the problem. 











* “Signal Processing Arrays” and “Radio Antennas for Aircraft and Aerospace Vehicles”. Both edited by W.T.Blackband and 
published by Technivision, Maidenhead, England. 
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Phere are of course difficulties in the use of combined antennas, these are chiefly: 
qa) the mutual intereference between the systems, 
(b) differences in coverage which demand differing sites on the aircraft. 


Where the required coverages of two antennas are markedly different there is little that the antenna engineer 
can do, for instance it would not be possible to choose a site suitable both for a radio-altimeter antenna looking 
towards the ground and an Acrosat antenna looking towards the sky. However the effects of mutual interference 
can be minimised by careful antenna design. Here one has to distinguish between interference on the fundainental 
frequencies and those on difference frequencies of various orders. laterference on the fundamental frequencies 
must be reduced by careful antenna feed design whereby the signals at two fundamental frequencies are fed to 
separate parts with minimum mutual coupling between them. This can be helped in some cases by f2eding one 
signal ata minimum in the standing wave pattern of the other, or by simple high pass or low pass filters built into 
the antenna structure. In many cases this filtering will need to be supplemented by additional filters. When this 
is the case these should be sited as close to the antenna as possible so that the unwanted signals do not pass into 
the feeder system. Interference at difference frequencies raises the old question of how to minimise intermodulation 
products. So far avionics engineers have not had as much experience in this field as have their naval colleagues, 
however this problem must be faced. At present research into the control of non-linearity at metallic junctions is 
making progress but at present the best advice is to avoid any but welded joints in the antenna and to avoid siting 
the antenna near 2 join in the aizcraft skin. 


The problem of reducing the number of aircraft antenna by the development of combined units is one which 
must receive attention if the development of avionics systems is to progress: and the attention of antenna engineers 
should be drawn to it as one of the most important problems facing the profession. 


I would like to thank all those whose efforts in support of the Symposium were so generous. The response to the 
Call for Papers was very pleasing but it posed the problem of selecting 43 out of the 85 synopses submitted. This 
called for a judgement of Solomon as the synopses were of excellent promise. It was with regret that so many good 
papers could not be accepted particularly as they would have provided the material of a good level symposium on 
their own. Seeing that there has been this enthusiasm for this Antenna Symposium it is hoped that the Avionics 
Panel will be able to hold another in a few years time. 


W.T.BLACKBAND 
Programme Chairman and Editor 
8 March 1974 
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CONFORMAL ARRAYS FOR AIRCRAFT* 
by 


J. Provencher 
J. Boyns 
Naval Electronics Laboratory Center 
San Diego, California 92152 
and 
A. Hessel 
Polytechnic Institute of New York 
Farmingdale, N. Y., 11735 
U.S.A. 


SUMMARY 


Present and future requirements for wideband, multi-function antennas for many applications 
offer attractive potential uses for circular symmetric and multi-frequency arrays. Rigorous analytical 
techniques are not available to investigate Non Planar array characteristics and experimental techniques 
can be used to simulate scanning of non planar arrays. Planar phased arrays received considerable atten- 
tion over the past twenty years, and although significant advances have been made, their widespread use in 
systems has not been achieved. A major factor that timits their use is high cost; and for aircraft, the 
lack of small, lightweight components. 

One approach which is aimed at solving several of these problems is a conformal multifrequency 
array, using Microwave Integrated Circuit (MIC) techniques. 

This paper describes some design considerations involved with the multifrequency conformal 
array. Among these are: 

1. Element pattern effects in non planar arrays, 

2. Multifrequency array techniques, and 

3. MIC components and cost considerations. 

The element patterns of conical arrays are examined to determine if behavior is similar to 
known element patterns for the cylindrical or planar arrays, and a conical sector experimental array is 
used to simulate selected "scanned" beam positions to determine array behavior, j.e., beamwidth, scan 
limits, polarization and side lobe level. The concept of the multi-frequency array has been shown to be 
feasible, and the use of the interlacing technique with the conformal array allows more flexibility due 
to the larger element spacings possible. These features, combined with MIC hybrid matrix techniques for 
multiple beams; diode phasors and hybrid drivers for beam steering; and flush mounted radiating elements 
provide the system designer with a versatile antenna system. 

Prototype arrays designed at wavelengths of 30cm, 10cm, 7cm and 3cm are described. The arrays 
have potential application for satellite communications, IFF and navigation. Experimental and calculated 
array patterns, element patterns and polarization data are given, and factors affecting cost are also dis- 
cussed, 


INTRODUCTION 


The increasing requirements for high data rate and multiple beam antennas for aircraft, coupled 
with a limited space available on the vehicle, and the requirement for arrays of wide frequency bandwidth 
has led to a revival of the techniques used several decades ago for circular arid cylindrical arrays. 

Recent developments in circular arrays have increased the interest in and desirability of 
taking advantage of the inherent broadband capability of circular symmetric geometries. This interest has 
led to more rigorous theoretical approaches for solutions of the problems involved in the determination 
of useful amplitude and phase distributions, and reduction in the complexities of the feeding structures. 
The limited space available on ships, aircraft and missiles has prompted development of radiating structures 
for more efficient use of vehicle space. In addition, the aerodynamic requirements and non planar sur- 
faces present attractive potential applications of flush mounted non planar or conformal arrays. For the 
purposes of this paper, a conformal array will include cylindrical, conicai or any non planar array. 

For certain applications, the use of the circular symmetric array has some advantages, especial - 
ly where single rings are used to form multi-dimensional arrays for narrow beams in the vertical plane. 


— 





*This work was partially supported by the Naval Ship Systems Command and the Naval Air Systems Command. 
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i In contrast to the linear or planar array, the radiated beam in the azimuthal plane of the circular sym- 

: metric array does not change with scan angle, and changes very slightly when phase scanned over sma}] scan 
angles. In general, the amplitude and phase distributions required to produce given beam shapes for the 
circular symmetric arrays are more complicated than those required for planar arrays. 

The usual method for steering the beam of circular arrays in azimuth is to commute the excita- 
tion distribution. This usually involves complex switching networks. With a space feed approach the amp- 
litude can be commuted by steering the source feed beam. Using a combination of source beam commutation 
and fine phase steering, azimuth beam steering can be simplified. In addition, multiple beams are also 
possible by illuminating non-overlapping sectors of the aperture with multiple source beams. An advantage 
of the circular array is the independence of the beam steering or azimuth beam stepping with arc spacing. 
Since the beam is stepped, rather than phase scanned (as in a linear or planar array), the restrictions on 
element spacing with scan angle are not as severe. There is not, however, complete freedom in the selec- 

; tion of the spacing. For example, undesired radiation lobes appear at azimuth angles on the order of 100° 

ae and are a function of element spacing, angle of arc, and radius, as shown In Figure 1. The effects of 

= - spacing on element patterns is an important design factor in non planar arrays. 

A recent theory (Sureau, J.C. and Hessel, A., 1971) and another approach (Munger, A.D., et al, 

1971) can be used to predict the behavior of circular array element patterns and gives considerable in- 

sight into the behavior of a uniformly spaced circular symmetric array of waveguide-fed apertures in a 

large conducting cylinder. No comparable theory is avaitable to predict the behavior of element patterns 

on a conical surface, although recent experiments at the Naval Electronics Laboratory Center (NFLC), 

San Diego, using waveguide elements in conica! configurations, indicate that the element pattern behavior 

is Similar to that of the cylindrical array. Present efforts at NELC, anc! several contractual efforts are 

aimed towards a mathematical theory for the conical configurations and extension of these techniques to the 
ogive and cigar-shaped geometries. 

Previously reported analytical and experimental investigations of the element and array pattern 
behavior of large conical array sectors using dipole elements are not adequate to completely predict array 
behavior, but give some insight into the behavior of the conical array. (Boyns, J.E., and Munger, A.0., 
1971), The concept of the projected distribution can yield acceptable patterns in the absence of a rig- 
orous mathematical theory. 

The technique of interlacing several waveguide aperture arrays into the same physical has been 
demonstrated for cylindrical surfaces. (Provencher, J.H. and Boyns, J.E., 1971) Experiments have shown 
that the interaction between several arrays, operating simultaneously at close proximity, can be reduced 
to tolerable levels. The excitation of several arrays in the same area poses problems as to the choice 
of feed device as well as the radiating element. The use of dielectric materials to reduce the size of 
the waveguides is one approach to the problem. Ancther technique makes use of copper clad dielectric 
waveguides operating in the TEM mode feeding a printed dipole. A third method uses a printed cavity-backed 
spiral for wide frequency bandwidth and circular polarization. 

The selection of the proper method of excitation, radiating element and other components re- 
quired for the array is dependent not only upon performance, but is also a function of cost. The restric- 
tions on space, weight end structure require the consideration of ultimate cost of reproduction of protc~ 
type units in the early design stages. The elimination of interconnecticns between phase shifter, radi- 
ating element and feed system can be readily accomplished using Microwave Integrated Circuit (MIC) tech- 
niques. In addition, these devices can be mass produced, possess high reliability and occupy a low volume. 
Some basic advantages of the multi-frequency .onformal array are: 

J]. he radiating elements can be flush mounted to conform to the non planar surface; 

2. Fewer components are required due to larger elewent spacings possible with the curved array, 
and in addition, 

3. More space is available between elements to interlace arrays at other frequencies. 

These advantages, when combined with the MIC components can provide multi-frequency arrays and 





simultaneous beam operation. 
ARRAY DESIGN CONSIDERATIONS 


Aperture design of conforma? arrays requires knowledge of the performance of its typical ele- 
ments in regard to gain, phase and polarization patterns. This implies that coupling coefficients can be 
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calculated or measured. Since with existing theories, the coefficients cannot be calculated; experimental 
techniques to measure element patterns are used. This data can then be used with the projected distri bu- 
tion concept. 

This approach assumes a reasonable distribution followed by pattern analysis to show that the 
distribution chosen yields no undesirable characteristics. A cylindrical array is known to consist of a 
product of the pattern of a single constituent ring array with that of a linear array along the cylinder 
axis excited by the ring-to-ring distribution, Since the pattern of a ring array varies slowly in eleva- 
tion, the vertical pattern of the complete antenna can be controlled by using a ring-to-ring distri bu- 
tion of the form normally used for linear arrays. It is reasonable to use the same type of distribution 
along the vertical arrays of a conical antenna provided that ‘he cone angle is not too large and modifica- 
tions to the distribution are made to account for a varying radius. This projection technique must take 
into account both element patterns and apparent element density when viewed as in Figure 2. The projected 
element density shown in the figure jis proportional to che secant of the angle from the main beam direction. 

When the element pattern is of the form 

g(@,9) = f(0)Cos p SES PRES as 

= 0 elsewhere, 

then the element density and pattern effects cancel, and the required distribution on the arc has a magni- 
tude equal to that at the equivalent point on the linear aperture. The phase excitation is then chosen to 
be cophasal in the main beam direction. These techniques have been demonstrated by computer simulation, 
and have been verified experimentally at NELC. The array sector is shown in Figure 3 and has 700 dipole 
elements and a mean radius on the order of 17 wavelengths, and a cone angle of 30°. Computed patterns of 
the conical array and a cylindrical array of similar parameters are given in Figure 4 for elevation scan 
angles, 0}, of Q° and 60°. Both arrays used a staggered configuration as shown in Figure 5, and the pat- 
tern behavior of the conical array at 60° is improved over the cylindrical array in terms of beamwidth 
and gain. A more complete report on this work wiil appear in the special issue of IEEE Transactions on 
Antennas and Propagation to be published in January, 1974. 

The techniques discussed are not adequate to fully determine the conformal array parameters 
required although acceptable data can be obtained. However more rigorous theories are being examined 
under Navy sponsorship at Polytechnic Institute of New York and Hughes Aircraft. 

The theoretical determination of the far field pattern of an antenna is predicated on the 
knowledge of the aperture distribution. In the array case, this requires the knowledge of the relevant 
mutual coupling parameters, which for the case of aperture elements takes the form of the mutual admittance 
coefficients Vag: The mutual admittance ‘v0 between two "single mode" aperture elements in a conforma] 
array in Figure 5 is given by the relation 


Ne of [A(r) x Eo(r)] © Hy(r) ds/Vy V2. (2) 


Here £5 is the electric field in the aperture (2), f, the local normal to the array surface, Hy the magnetic 
field due to aperture Ay in the location of aperture A, when the latter is short circuited, and Vy» Vo are 
the respective amplitudes of the two aperture modes. 

The magnetic field Hy (r) is given by 


Hy (r) Sf se e') @LEy(r') x f(r’) ds" oe 
where the dyadic Green's function G (rr') represents the magnetic field at r due to a unity magnetic 
current element at r' on the conformal array surface. 

If the latter is not separable, i, e., it is not a constant coordinate surface of a frame in 
which Maxwell's equations separate, then the exact form of G (r,r') is not known. Even when the surface 
is separable, but the radif of curvature are electrically large, modal procedures which can be applied, 
are poorly crnvergent. These difficulties are over come by recourse to the Geometric Theory of Diffraction. 
In several papers, (Levy, 1959) (Keller, J. B., 1962), a generalized concept of surface (creeping) 
rays for arbitary, convex conducting surfaces was given. It postulates, in accordance with Fermat's princi- 
ple, propagation of electromagnetic waves along surface ray trajectories that are geodesics of the surface. 
Typical surface ray trajectories are shown in Figure 6. The theory assigns to each point on the ray path a 
field amplitude, phase and polarization. Once these are known at a point on the ray trajectory, they may 
be traced along the ray path, i.e., they may be calculeted via the formula 
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where U(P) is any field component in the local, ray (geodesic) coordinate system (e.g. along the local 
binormal). In (4) (s) is the principal radius of curvature of the surface at a point s along the ray 
path; D(s) is the ray divergence coefficient and Bk the free space wave number. Tis, the value of a 
typical ray field component at P is given in terms of its starting value at Por a ray divergence factor 
D(s), which accounts for the energy spreading when the rays are not parallel, and an exponential decay 
along with a phase delay along the ray travel path. The la:ter are integrals of the attenuation and pro- 
pagation constants corresponding to a local conduction cylinder with radius of curvature equal to the 
local principal radius of curvature. 
The derivations and details have been omitted, and much work is still required. However, 
these techniques appear promising and could lead to realizable solutions for many nonplanar configurations. 
Although the conical array is only one of several conformal arrays, the knowledge to be gained 
from the study of this geometry lends itself to the possible solution of other configurations. For example, 
in Figure 7(A), the conical end fire and broadside array parameters must be determined using different 
mathematical techniques ji.e., ray techniques and modal methods. However, once a wu eory has been estab- 
lished and verified, extension to the ogive of Figure 7(B) is accomplished only by calculation of a new 
set of coupling coefficients for the particular geometry. 


CONFORMAL ELEMENT PATTERNS 


A necessary set of parameters for the aperture design of a conformal array can be obtained 
from the element pattern. Extensive experimental parametric studies are expensive and time consuming, but 
are required at the present time due to the lack of a basic theory. The studies to be discussed are part 
of a parallel study with the Polytechnic Institute of New York to verify expected theoretical results. 
Previous theoretical results, (Yessel, 1970) for circular and cylindrical array element patterns were 
verified at NELC. (Provencher, 1971) (Hessel, 1972) 

The element pattern of elements arra,2d on a circular, symmetric array exhibits large changes 
in shape and gain as the interelement spacing approaches 1A. This effect is caused by interference from 
creeping waves which are radiated as a result of the periodicity of elements. Figure 8 shows the various 


. wave contributions. These significant differences from the planar array theory were predicted by the non 


planar theory. The element pattern behavior was strongly affected by the spacing of its neighboring elements 
along the curve. This is illustrated in Figure 9 for a single ring array with a radius of 13 wavelengths 

and element spacings, a, of 0.58 and 0.78 wavelengths. The pattern beamwidth decreases substantially, 

as shown in the figure for the respective wavelengths. A corresponding increase in gain is also predicted. 
For example, when a = 0.52, the gain is increased more than 2 dB over that of the tsolated pattern, as 
shown in the calculated composite patterns of Figure 10 (A). Measured patterns in Figure 10(B) for the 

same array show a marked similarity to those calculated. The HPBW is about 6° and the peak gain 1s about 

5 dB higher than that cf the isolated element pattern. This compares with 7 dB for the calculated values 
for an array of infinite slits. 

Similar results were also obcained for a cylindrical array with a radius of 26 wavelengths 
and for element spacings of 0.54 and 0.79 wavelengths. These results are given in Figure 1] which compares 
calculated patterns assuming an infinite array in the Z direction in 11{A) with corresponding measured 
patterns given in 11(B). The split beam for a/A = 0.79 is due to an out-of-phase condition for the creeping 
waves on the cylinaer. 

Since the conical array can be considered as a stack of ring arrays, it is assumed that the 
observed element pattern characteristics of the circular or cylindrical array will also be evident for the 
conical configuration. Preliminary measurements tend to confirm this assumption as shown in Figure 12. 
These patterns indicate behavior similar to that observed for the waveguide arrays described. This experi- 
mental array shown in Figure 13 has a mean radius of 16 wavelengths, a mean element spacing of 0.6 wave- 
lengths and consists of 44 linear arrays in azimuth with 1] elements in the slant plane. The cone angle is 


20°, 
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MULTIFREQUENCY TECHNIQUES 


The feasibility of integrating several functions at different frequencies into the same aper- 
ture has been reported (Boyns, J.E£., and Provencher, J.H., 1972) for both non planar and planar geomet- 
ries. Consideration of the constraints imposed on array element spacings suggest a multiple. periodic 
configuration and/or a tapered or non cylindrical type of structure. One requirement is that the element- 
to-element spacing to suppress grating lobes, (i.e., a<d) must be satisfied for the highest operating 
frequency. In addition, the spacing limitations discussed for curved arrays, (i.e., a< 0.8d)dictate 
a truncated conical or an ogive surface if the several arrays are not interlaced. Both of these tech- 
niques are illustrated in Figure 14. Combination of the two techniques into a single multi-frequency 
array are also possible. 

Mutual coupling between the various arrays must be considered in the design of the overall 
array. Coupling measurements made on the three band array shown in Figure 15 confirmed assumptions 
that mutua? coupling levels are tolerable for many applications. 

The array consists of two vertically polarized elements in the 30 cm band; 64 horizontally 
polarized elements in the 10 cm band; and 120 vertically polarized elements in the 5 cm band. 

The elements are arrayed on a sector of cylinder 5m in diameter. The feed systems provided 
a uniform distribution and phase correction for aperture curvature in the design of the power dividers. 
Since this array is on a large radius curved surface, the -esults are a good approximation to the planar 
array. 

Coupling levels are generally lower for non planar waveguide arrays due to radius of curvature 

and larger element spacings. Coupling between the arrays can be reduced by erientation of the elements 
to take advantage of different linear polarizations. Higher frequency energy is coupled into the lower 
frequency waveguides as higher order modes and can be suppressed by means of mode filters. Coupling 
effects between interlaced dipole arrays have also been examined and since the dipole radiator does not 
possess good cut-off characteristics, their use in the multifrequency interlaced array is severely re- 
stricted, However, limited success has been achieved using a combination of printed dipoles and wave- 
guide elements in a three band planar array. Similar techniques are feasible for non planar arrays. 


ARRAY IMPLEMENTATION 


The demand placed on the antenna array due to space and weight restrictions on an aircraft 
implies small, light and highly reliable components. The (MIC) techniques are well developed for the 
lower microwave frequencies and have been shown to have high reliability. These techniques yield com- 
ponents that are amenable to modular concepts. Figure 16 snows a typical MIC module for use as a module 
for an array with four simultaneous beams in one plane and switched (step scan) in the other piane. The 
simultaneous beams are provided by means of a 4-port hybrid matrix and are switched using diode switches. 
The array is steered in the other plane using ferrite or diode phase shifters. The MIC 
module consists of four dipole elements, a four port hybrid matrix and the matrix switching network. 
These components are printed on alumina substraves and occupy an area of 8 square inches. The circuits 
are highly reproducible and relatively inexpensive to fabricate. The hybrid matrix has also been re- 
produced on alumina for 8 and 16 beam arrays. 
One advantage of this technique is that connections between components become an integra? 
part of the mouule, and interconnecting fittings are eliminated. This results in lower losses and tends 
to increase reliability. A disadvantage of present techniques is that MIC devices exhibit reiatively 
high losses at the higher frequencies. However, this is a trade-off factor which must be considered { 
along with space, weight and reliability. For some applications, the losses are tolerable. The various 
trade-offs that can be made are dependent upon component cost. In general, array antennas have not 
received widespread use. The one single factor fcr this situation is the high cost of the components 
which are required, Considerable effort has been expended to reduce fabrication costs and limited success 
has been achieved. The MIC modular techniques hold promise for cost reductions by minimizing interconne<- 
tions, reducing component size, and reducing human operations required for fabrication. Once the basic 
configuration has been determined, etching techniques can be used to produce many identical units with 
close tolerances. The power handling capability of the devices can present a limitation when a small 
number of units are used in an array, however, improvements in materials and the application of small 
power sources at each radiating element increase the possibility of successful, useful conformal] arrays. 
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Fig.2 Projected element density, active sector = 120°, f = 12.0 GHz, waveguide elements, measured 





Fig.3 Conical array sector, mean radius = 17 wavelengths, 700 dipole elements, cone angle = 25° 
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Fig.4 Conical and cylindrical array elevation patterns, ¢ = 0, 6¢ = 0° , 60° calculated, 
mean radius = 26.3 wavelengths 
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Fig.5 Coordinate system and staggered element configuration for conical array 
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Fig.7 Non planar array geometries 
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Fig.8 Wave contributions for non planar array, waveguide elements 
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Fig.9 Circular array element patterns, radius = 13 wavelengths, a = 0.58, 0.78A, in azimuth, measured 
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Fig.}O Circular array element gain function, radius = 13 wavelengths; (A) calculated, (B) measured 
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Cylindrical array element patterns, radius = 26 wavelengths, a= 0.54, 0.79A; 
(A) calculated, (B) measured 
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Fig.}2)) Conical array element patterns, measured, a = 0.63%, 0.792%. azimuth mean radius = 16 wavelengths, 
B= 20" 
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Fig.13 Conical array, 484 waveguide elements, 44 x 11, mean radius = 16 wavelength 
mean element spacing = 0.6, 6 = 20° 
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Fig. 14) Multifrequency arrays; (A) interlacing elements, (B) non cylindrical configuration ! 
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Fig.15 Three band multifrequency array, radius = 26 wavelengths, 30 cm band, 10 cm band, 5 cm band. 
Interlaced configuration 
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DISCUSSION 


wH.J- Gary: Have you considered a choke aystem to reduce creeping waves? Have you 
TE Orosa-polarizgation on conical arrays’ What material and thickness do you use for 


covering the antenna and will this not have an effect on coupling and performance. 


A.D. Munger: 41. No. It might be possible but I think it is better to start with good 
: : element design and proper spacing. 
a q 2, Yea. We have both measured it and computed it. The cross-polarization varies with 
cere: : @-sean angle. and with the percent sector of the array that is activated. For a 60-70 
woo. degree arc, I think 15-20 dB ie a typical number. The situation is helped somewhat by the 
fact that the cross-polarizations from the symmetrical halves of the aperture are anti-~- 
; hased. 
zt : : 3. We have not used nor analysed the effect of a dielectric covering. J.C. Sureau 
ca solved this problem for an infinite cylindrical array, I think in a recent I.E.E.E.-GAP 
issue. Also, a paper later in this conference (J. Vogt (Paper 25)) deals with the problem 
for finite number of elements on the cylinder. 


R. Reitzig: Following up your slides what strikes me is that the element pattern is more 
strongly deteriorated due to mutual coupling for larger element spacing although I would 
have expected a decreasing effect of mutual coupling on the element pattern with larger: 
element spacing within the conformal array. 


A.D. Munger: If you measure the power coupled by a singly excited element into an adjacent, 

@ indeed larger for more closely spaced elements. However,it is the effect of the 
coupling with which we are concerned and this is determined by the phases as well as 
amplitude of the coupling and the way in which coupling effects from several elenents either 
reinforce or cancel. 

To get a feeling for the element pattern behaviour as a function of spacing, we can 
probably use analogy with a linear or planar array. We know that in a planar array, the 
scanning ie limited when the element spacing is too great due to the grating lobe in 
invisible space nearing the boundary of real space. The narrowing of the element pattern 
on the circular array limits the "scan" in the sense that the angular portion that can be 
excited ia reduced to those elements that can contribute to the beam 


G. Borgiotti: The creeping wave approach requires the solution of a very complex transverse 
resonance équation. This is practically impossible for complicated multimodal elements. 
The modal approach is the only one leading at the present state of the art to numerically 
manageable solutions (See for example Borgiotti and Balzano,I.E.E.E. GAP Sept. 1973). 


A. Hassel: Professor Borgiotti's point of view is narrow. It is true that the modal 
analysis 1s straight forward in the cases when it applies, i.e. in a planar, cylindrical, 
apherical and conical geometry. But already for spheroidal or paraboloidal surfaces the 
model approach breaks down because these geometries are no longer vector (es ge TE, TM) 
separable. Even in a separable geometry, i1.e., for conical arrays, modal techniques are 
poorly convergent when the elements are in remote locations from the tip. 

To owercome these difficulties, one resorts to the Geometrical Theory of Dirfraction 
which pernits handling of mutual coupling in arrays on conducting curved surfaces with 
large radii of Curvature in a non-separuble geometry. This method utilizes the guided 
waves (creeping waves) of the unperforuated conducting array surface for calculation of 
mutual admittance coefficients. The size of the array of multimode elements that can be 
accomated in this manner, however, is limited by the maximum gize of the mutual admittance 
matrix that in practice cen be inverted on a digital computer. 

At thie point the "useless" roots of the complex transverse resonance equation become 
useful. Inatead of employing the element by element approach, one considera the variation 
of curvature of a uniformly apaced conformal array as a perturbation of a cylindrical array 
with all its elements match~terminated. In this form the mutual coupling takes place via 
guided waves (creeping waves) of a aocaiiy cylindrical match terminated array. These guided 
waves automatically take into account the presence of the neighbouring elements and the 
coupling between them The variation of curvature is then taken into account by using the 
phane integral method. The method is described in ref.(1) and a paper showing an 
applieation of this approach to a conformal array of slits on a parabolic cylinder surface 
“8 Une autfioul th 

e culties of solution of complex resonance equations are exaggerated b . 
Since the approximate loeation of the complex roote ie wivaye known the’ Sonbikation ocouien 
rant difficult, providing that, of eourse, *ne pays proper attention to the radiation 

(1) J. Shapira, L.B. Felsen and A. Hessel: Ray analysis of conformal antermna r o 

be published in the I.E.E.Z. trana. on Antennas and Propagation, Special issue on... : 

Conformal Arrays (to appear Jan. 1974). - 
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PATTERNS AND POLARIZATIONS OF SIMULTANEOUSLY EXCITED PLANAR ARRAYS ON A CONFORMAL SURFACE 
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SUMMARY 


A conformal array on a surface of small curvature can be approximated by a number of planar 
arrays, several of which may be excited simultaneously so as to achieve a performance similar to that of 
a conformal array. Since the main beam cf a planar array can be steered to any direction in visible 
space, several arrays, each oriented in a different direction, can be steered cooperatively to form a 
single beam in a desired direction. A general formulation of the radiated field of such an array of 
arrays is developed with the aid of formulas which relate the components into which a vector is resolved 
oe Fp in one orthogonal coordinate system with those into which the same vector is resolved in a second 
q orthogonal coordinate system, This formulation does not involve the integration of the current source 
é K but is solely dependent upon the knowledge of the far field expressions of elementary radiators. Using 

e this formulation, it can be shown that within each array, the conventional row and column phase setting 
can be used, although each array requires an additional phase shift to compensate for the phase difference 
q 3 caused by its position on the curved surface. As examples, the radiation patterns and polarizations of 
- a multiple arrays of short dipoles are studied using the present formulation. A comparison of the multiple 

: E planar array witn the conventional corformal array is also presented. 


Boni eal I. INTRODUCTION 


In recent years, considerable interest has been shown in conformal arrays. This type of array 
has a variety of potential uses. For example on an airplane or a missile, due to the limitation of 
available space, it is often difficult to install a large-size conventional antenna. However a conformal 
array can be fitted onto the surface of part of the vehicle body, and the installation of such a flush- 
mounted antenna need not interfere with the operation of the vehicle. Furthermore because part of the 
vehicle body forms the ground plane of the antenna, the electrical interference problem should be 
minimized. However, in general, conformal arrays suffer several drawbacks. First, the phasing of such 

; arrays is very difficult. Except for a few particular cases, there is no available approach for 1asing 

‘ such an array. Second, the switching of the beam of such an array becomes exceedingly complicated, 
Moreover, the complexity of the switching network usually introduces very high losses in the system and 
hence degrades its performance. 


It is conceivable that, on a surface of smal] curvature, one may approximate this conformal 
array by a nuntber of planar arrays, several of which may be excited simultaneously so as to achieve 
performance similar to that of a conformal array. Since the main beam of a planar array can be steered 
to any direction in real space, several planar arrays, each oriented in a different direction, can be 
steered cooperatively to form a single beam in a desired direction. With such an arrangement, the problem 
of array phasing is greatly eased, Within each array, the conventional row and column phase setting can 
be used, although each array requires an additional phase shift to compensate for the phase difference 
caused by its position on the curved surface. However, this correction is much simpler than that re- 
quired for a conventional conformal array in which each element requires this compensating phase setting. 
Furthermore, the switching is greatly simplified as it involves only a few planar arrays as compared to 
the usual conformal array, in which one must switch radiating power among a large number of elements. 


The problem was formulated in an earlier report (Hsiao, J. K., 1972) for multiple planar 
arrays of vertical dipoles which might be used to approximate a conformal array of vertical dipoles on a 
cylindrical surface. It was shown that a composite array pattern function can be defined such that the 
far field is the product of the element radiation pattern and the composite array pattern function, 
Numerical examples for this kind of composite array were also presented and properties of the far field 
were discussed. The analysis in the earlier report is strictly valid only when the element pattern of 
each planar array in the composite arruy is similarly polarized. ‘The present report deals with the 
general case where the polarization of the far field of each planar array may be different. The radiation 
pattern and polarization characteristics are studied again using arrays of short dipoles. 


11. SIMULTANEOUSLY EXCITED PLANAR ARRAYS OF ANTENNAS 


In analyzing the field of a system of simultaneously excited planar arrays of antennas, it is 
convenient to write the field expressions in coordinate variables of ditferent coordinate systems. 
Figures (1) and (2) illustrate these various coordinate systems, Figure (1) shows the position of each 
planar array relative to the origin of the unprimed coordinate system, Figure 2 shows the lattice 
structure of the é-th planar array and its radiators, One primed coordinate system is assigned to each 
planar array, e.g., (x}, yh, 2) for the é-th planar array. One double primed coordinate system is algo 
assigned to the radiators of a planar array, e.g., (x4, yf, zi) for the radiators of the £-th planar array. 
The primed coordinate systems are useful since the array pattern functions for the planar arrays are known 
in terms of the primed coordinate variables (84, col). The double primed coordinate systems are useful 
since the element pattern of the radiators of the fh planar array may be known in a different coordinate 
system than the primed coordinates (G,, py). 











The far field of a i bg of simultaneously excited planar arrays of antennas may be written, 
’ 


omitting the time phase factor e as 
A 
L L f ~ 7 
E B jk(Rg +R )°R 
Bs ee * a Le, (04s oD ae re e t dan } (1) 
where 
Rian " ™ UY +N VE (2) 
where 


L = the number of planar arrays 

E, = the electric field due tc the £-th planar array 
Excoy, }) = the element pattern of the £-th planar array 
k = free space wave number 


Agon = complex excitation coefficient of the radiating element at the poiat Ry + Rt, 


A 
R = unit radial vector 


In spherical coordinates, 
A 
R = (sin © cos ~, sin @ sin ~, cos 9) (3) 


For maximum radiation in a certain direction (®9, 9), the conventional row and column phase setting can 
be used within each array to steer the beam in that direction. In addition to aligning the main beam 
spatially, one must also be sure that each Eg 18 in time phase in the diraction (89, Yo). This condition 
can be met if 


A 
A tom = FL Oty e7Jk Ry + Khan) -Ro (4) 
where 
Ro ™ (ain @9 cos M, sin @, sin Pos COB Oy) (5) 


and Qg and Gun are constants to be specified very soon. Substituting (4) in (1), 
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where be on 
fy (Oh, Oh) = EZ ‘tm R - Ro) ma 


Note f¢ (@2, \}) 16 simply the array factor for the '2-th planar array phased to have maximum radiation 

in the direction ke The complex constant Qg's may be get to certain convenient values that would cancel 
out any phase differences of the Eg's in the direction f. For instance, Gg's may be set in the following 
way 


Q, = (-) phase of [ es (07> OY) fp 4, OF ] 
in the direction Ro 


The constant (,,, is simply the amplitude of the excitation coefficzent of ths element with the indices 
4, m,n. Each element pattern 4 (0%, 9Y ) is assumed to be know: in the form 


ime A A 
Be Od» OY) = Foy (OY, OY) OY + hn (04, Oy) OF (9) 


Two problems would tiave to be solved before Eq. (6), can be used. First, one must decompose each set of 
unit vectors ay, oy in terms of the unit vectors § and # in order to perform the Vector addition of 
the fields Ug's: S&cond, the double primed and primed coordinate variables @¥, Yj, 0}, P) etc. must be 
expressed as functions of the unprimad coordinate variables @ and 9. 
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III, TRANSFORMATIONS OF COORDINATE SYSTEMS 


i 
j 
: 


The problem of coordinates transformation is in expressing a vector function v known in the 
primed coordinate variables and unit vectors in terms of the unprimed coordinate variables and unit 
vectors. _ That is, V is known in the form 


= A A 
Vi= Vgr (8', O') 6' + Yt (8', o') o! (10) 


where Vo, and Vo! denote two functions of @' and o'. 


We are interested in finding V in the form 
A A 
V = Vg (8, 9) O+ Vp (8, ) & (11) 


where Vg and Vp denote two functions of @ and ~. Note we have confined ourselves to the discussion of 
radiation fields. Thus, the vector has no radial component and is independent of the radius variable R. 


In the following paragraphs, we will be dealing with a class of matrices known as real orthogo- 
nal matrices, These matrices transform a vector from one orthogonal coordinatg s stgm to a geco d oxthogo- 
nal coordinate system in the three dimensional Euclidean space. That is, if (a, K* y) and (@', Bt y') 
are the two sets of unit vectors of two orthogonal coordinate systems, then the components of a vector V 
in the two coordinate systems are related by an orthogonal matrix |p ‘ 


Jv} = |p} -|y'] (12) 


where lvI and Iv] are the column matrix representations of the vector V in the two coordinate systems, 


Iv = Vp (23) 


Vet 


vi] = Vege (14) 


Vay! 


Real orthogonal matrices have two usefui properties. First, the inverse Io}~ of a real 
orthogonal matrix |D| is the transpose |D|T of |p}, or 


tp]-? = Jv? (15) 


Second, the product of real orthegonal matrices is a real orthogonal matrix, These properties will be 
utilized in later discussions, 


Coordinate transformations involve either a linear translation or a change of orientation of 
the coordinate system, Refer to Fig. 1. The only translations involved in the present problem are in 
moving the origins of the primed coordinate systems back to the common reference point, the origin of the 
unprimed coordjngtes. For the far field, the only effect of this translation is in introducing the phase 
factor eJKR g(R-Ro) in Eq. (6). The functional dependence of a field vector V on the ~oordinate variables 
and unit vectors is not altered by coordinate translations. This is illustrated in Fig. 3 where, for 
clarity, the transl.tion R} between the two coordinate systems is assumed to be in the x-y plane, Let P 
be the field observation point, then it can be seen if the field point P is truly at infinity, one would 
have 

7 A 
R' =R -R' +R 


e'-@ (16) 


and 


8> O> w> 
a 
@> D> > 


(17) 


aA A 
The field vector V in terms of 0, 7, @, ~ can be obtained by substitution of (16) and (17) in (10). 
Since V is independent of R', it is obvious that the functions Yo and Vs) in (11) are identical to the 
functions Vg! and Vpt on (10). For example, the radiation field of a short dipole, lying along the 
z'-axis and at the origin of the primed coordinate system in Fig. 3, is given by 
A 
E = Eg (t,R') sin @' @! (8) 





goce - By 
Eo(t,R') = dese 
% 4nsC°R' 
where I and S are the current and length of the dipole. i (19) 


Substituting (16), (17) in (18), (19) and using the far field approximation R' = R for the denominator 
of (19), A 
jkR-R 





[ 3 
Ee 1 Eo(t,R) sine @] e = (20) 


Note the factor inside the square bracket of (20) has an identical form as that of (18). 


A ee the above discussion, we conclude that with the inclusion of the exponential factor 
eJkRg*(R a ). the translation Re has no other effect on Eq. (6) and will be ignored in later discussions, 


The second transformation is one in which the orientation of the coordinate system is changed. 
The transformation formula has been set up in classical mechanics problems using matrices. Three indepen- 
deat parameters are needed to specify the orientation of a rigid body. These are known as Eulerian 
angles. The transformation is described by the three angles as explained in the following paragraphs. 


The change of the orientation of the coordinate system is accompliehed by three successive 
rotations about the three coordinate axes. These rotations are showm in Fig. 4. The first rotation ie 


for an angle about the y-axis. The orthogonal matrix between the primed and the unprimed coordinate 
systems for this rotation is 


cos Sy 0 sin Sy 
[a] = 0 1 0 (21) 
-sin & 0 cos Sy 


The second rotation is fo. an angle §, about the z-axis, The orthogonal matrix for this rotation is 


cos € -sin & 0 
a sin €& cos Sy 0 (22) 
0 0 1 
The third rotation is for an angle €, about the x-axis. 
1 0 0 
Jc] = "9 cos & -sin & (23) 
O sin § cos 6 


In all three rotations the angle of rotation is positive when the rotation is counterclockwise with 
respect to the axis of rotation. The overall transformation may be written as 


Jo{ = fc] fa} Jal. (24) 


One should note here that the order of matrix multiplication is not commutative; thus the 
sequence of these transformations is not interchangeable. 


Note the matrices jal, lel, {c], |p| are real orthogonal. Thus 
|p[-* = |p|? (25) 
Multiplying Eq. (12) by [pD[~*, one obtains 
Iv'] = Jo}. Iv (26) 
Using |p| and jo{7, a vector decomposed in one rectangular coordinate system may be re-decomposed in a 
different rectangular coordinate system. To treat radiation fields, however, one would aiso have to 


deal with components in spherical coordinates, The spherical coordinate componenta and the rectenguler 
coordinate components of a vector are also related by real orthogons! matrices. 


Vy Vy 
vo | = [Peel vy an 


Vp Vv Zz 











Vx Vr 
Vy = |Dpal Ve (28) 
Vz Vp | 
where 
sin @ cos cos 6 cosa -sin 
|Dpgl = sin @ sin ~ cos @ sin cos (29) 
cos @ - sine 0 
IDgpl = |Dppi-? = |Dpal™ (30) 
Substituting (27), (28) in (12), and if V ig the radiation field in (10), we obtain 
VR 0 
Vg = |Dpp| + |p] + [D'pal - Vg (0', %') (31) 
Vo | Vet (8', 0") 


where |D'pr| 4s given by Eq. (29), with (@', o') replacing (6, ~). It is used since the first tranafcrma- 
tion is from the primed polar coordinates to the primed rectangular coordinates. Equations (6) and (7) 
can now be rewritten in the matrix form with the aid of (31) and (12) respectively, 


Eg(® ,~) AA . 
JkRy (R - Ro) 
Eg(@,0) | =ZQe *'£4 @Lop D241 IDgql | e% con, om oe 
ot Og My 
E,9(8,0) en (0%, om) 


A A 
ge (Dy pl 1Rjan}) +R ~ Ro) 
£4 (t,t) = Onn IPagl Idan! “e (33) 


where IRhan| is the matrix of R)an in (xp, y}, Z}) coordinates, ‘The matrix Dog is the transformation 
matrix from (x¥, y¥, 2) to (x, y, z) and Dyg is the transformation matrix from (*}, yh, z}) to (x, y, 2). 
Equations (32) and (33) give the formal solution of the radiation field of wultiple planar arrays, 
assuming the double primed and primed coordinate variables OY, PY, Of, HP}, etc are functions of the 
unprimed polar coordinate variables @ ani «, 


Next, we consider relations between coordinate variables under coordinate transformations. 
The relations between rectangular coordinate variables are obtained by substituting the position vector R 
for the vector V in (26). 


[R'] = |p] > [RI (34) 
where 
x' 
jr'] = y' (35) 
2' 
x 
JR} = y (36) 


Zz 


The relations between polar coordinate variables are found by substituting 


| x sin @ con —p 
y - sin © sin ~ (37) 
z 


cos @ 


and 














x! . sin @' cos y' 


y' = sin @' sin g' (38) 
z' cos @' 


in (34) and solving for @' and '. 


Using the three Eulerian angles, it can be shown that 


@' = cos~* z' (@, 9) (39) 

t= tan-? X' @. 9) 40 

" un ¥ (8, %) oe 

Z' (0, ~) = sin 6 cos # cos fy cos fz + sin 6 sin @ sin & + cos @ sin fy cos fy (41) 


¥' (8, ©) = - sin © cos @ (cos Sy sin &% cos & + sin Sy sin §x) + sin @ sin @ cos §% cos §, 

- cos @ (sin gy sin & cos fy - cos fy sin Ex) (42) 
Z' (0, 9) = sin @ cos # (cos By sin fz sin & - sin fy cos Ex) - sin @ sin @ cos Ey sin f 

+ cos @ (sin fy sin && sin £ + cos fy cos Ex) (43) 


The ambiguity in the value of the arc tangent function in Eq. (40) is resolved by applying the same set 
cf rules that one uses to determine the value of tan~+ (y/x) where x and y are the rectangular coordinat2 
variables. 


IV. THE RADIATION FIELD OF A HORIZONTAL SHORT DIPOLE 


In Fig. 5a, tet z be the elevation axis, then the dipole lying along the x-axis may be re- 
ferred to as a horizontal dipole. The far field of a dipole is commonly known in the coordinate system 
in Fig. 5b and is given by Eqs. (18) and (19). The far field of tha horizontal dipole may ba obtained 
from Eq. (18) using coordinate transformation formulas. The primed rectangular coordinate system in 
Fig. 5b is obtained from the unprimed rectangular coordinate system in Fig. 5a by a simple rotation of 
-90 degrees about the y-axis. From (21}, using the Eulerian parameter Sy = 90 degrees, 


0 01 
Jo] ~ Ja] = 0 10 (44) 
-1 0 0 


The relations betwaen the rectangular coordinate variables are from (34) 


x' = -z 


y 
z 


ey (45) 


The relations between the polar coordinate variables can be obtained from (45). 


cos @' ~ 2. = Bs sin @ cos @ 


sin @' -“yl- sin @cos 


cos (! «= . 


x! - 268 @ 
—X —, (46) 
R' sin @! vi - sine e cos" 9 


sin g' s ete gin @ sin —— 


R' sin 9' V1 - sin? © cos? » 


The matrix form for E in the primed polar coordinates is 





Ert 0 
Eg: - E,(t) sine! (47) 
Zit 0 


Carrying out the euccessive matrix multip‘ication in (31) using (29), (30), (44), (47) 








Ey | - sin @ cos » sin @' + sin @ sin ~ cos @' sin @' - ces @ cos ¥' cos y' 
= - cos @ cos © sin @' + cos @ sin ~ cos @° sin ~' + sin @ cos 6° cos 9! (48) 


Ey sin () sin @' + cos © cos @’ sin g" 


If we now substitute (46) in thea above expression to get rid of the primed coordinate variables, we obtain 


Er 0 
Eg 2 - Eg(t) cos @ cos » (49) 
Ee Eg(t) sin © 
or 
- A A 
E = Eo(t) (- cos @ cos ¢ @ + sin © m) (50) 


V. PLANAR ARRAYS OF SHORT DIPOLES 


In this section, we will consider using planar arrays of chort dipoles to approximate a confor- 
mal array of short dipoles on a cylindrical surface. The geometry of the problem is shown in Fig. 1. The 
elements of the 4-th array are synmetricelly placed about the reference point @}, The elements are short 
dipoles either in the direction of x}-axis or zj-axis of Fig. 2. Using the element pattern functions in 
(59) and (18), the double primed coordinates are obviously the same and the primed coordinates fur both 
these cases. The Eulerian parameters between the ‘x, y, 2) coordinates and the (x), yj, %}) coordinates 


are &g= 0, Gye 70, S24 = - [ (4-1) a4 ty}. 


| cos S.4 - sin oy 0 


[r| = sin E24 cos Sey 0 (51) 
0 0 1 
It fs casy to see that, for this simple rotation, the following relations hold for any far field 
expressions. 
eo, = 6 
o = 9- ey) 
A A 
eo = @ 
A A 
o = © (53) 
A Aa A ry 
Since the vectors @}) and ©) are identical tn 6 and q~, one can use Eq. (6) in place of Eq. (32) for 
the vector addition process. Thus AA 
“as A A jkR y+ (R-Ry) 
= @ ' ' t t ' o7, t ‘ 
B= Fy [Ep,(0), Oy) Of + Ly, (Oh, ) Ty Le £4 (p> %%) (54) 
The excitation coefficients are assumed to have uniform megnitude of one. The urray pattern function 
fy (8, ~) 1s obtained from Eq. (33) as AA 
a ae SkC|D|™*|Rganl) “TR - Rol 
£,(0, 9) == £ e fan ° (55) 
m=-i{ n=-N 
where 
m dy 
R' . 0 56) 
Ran! ( 
) ond, 
Carrying out the matrix multiplication and rearranging terms, it can be shown 
fy (, ) = fy, (0. &) Fze (0, (57) 
where 
M 
fy, (0, ©) = 1+ 2 ey cos mxd, [sin @ cos (~ - &,4) - sin Wo SOB (Py ~ §%5)] (38) 
N 
£4 (@ oe 1t+2 a coa nid, (cos @ - cos @,) (59) 


Substituting (18), (52), (53) in (54), the radiation fiwld for a system of planar arrays or vertical 
short dipoles is 





ai ee i et arn neem em ne ncaa nn wna Ainhunimin dS aii i ci il, niin cts Mh i i a Renee ma le mm and 





eR re a ST 


ae 


SE 


: fencer eames 
: 


A 


A 
hi ike (R - Ro) 


A 
FE = Eg(t) sin @ [ 


£4(@g, Pg) ] 8 (60) 


i 
4 


Substituting (50), (52), (53) in (54), the radiation field of planer arrays of horizontal dipoles is 


_ AOA 
JkRL°<R - Ro) 


A 
E = Eo(t) [ - cos @ cos (p - Eye £,(@, »| e : 
LK A A A 
+ Eg(t) [= sin (@ - ge? c= Ro) 10, ° | ® (61) 


In obtaining both (60) and (61), the complex constants Cy in (6) were set equal to one. 


VI. NUMERICAL CALCULATIONS 


For the multiple planar arrays of vertical dipoles, one can define a composite array function 


A(®, 9). 
_ A A 
Ae fig Oe (@ 62 
(0,0) = Ee Gg, Pg) (62) 
The radiation field is then, from (60), 
ry 
F=([ Ec(t) sine @ } A(®, o) (63) 


This composite array function was calculated for different parameters in an earlier report (Hsiao, J. K., 
1972). 


In the case of multiple planar arrays of horizontal dipoles, the far field can not be factored 
into the product of an array function and an element pattern function, as can be seen from Eq. (61). 
This is characteristic of multiple planar arrays where the element polarization differs from one array 
to another, The radiation pattern and the polarization of the multiple planar arrays shown jn Fig. 1 
were calculated for both cases. Each planar array is essumed to be a linear array in the direction of 
the x}-axis, In one case, the elements of the arrays are short dipoles lying parallel to the z-axis and 
Eq. (62) was used to calculate the array pattern function of the composite array. In another case, the 
elements of the arrays are short dipoles lying parallel to the x)-axie of each array and the far field 
components Eg and Eq were calculated using Eq. (61). Note if there are more than two elements along the 
z'-axis, the only modification to the present calculation would be to multiply the radiation field by the 


factor fyg (@, ©) in Eq. (54). I¢ is obvious that f24({9, ~),1s simply the array factor of a linear 
array in the direction of the z-axis, 


The following parameters were used: 


eaxis - 102 


Aperture length along x 


Element spacing = 0.4 i 
Number of elements of each array = 23 
(@5, Yo) = (90°, 0°) 


Note there is no element at either end of each aperture. Figure 6 shows the array pattern function vs. 
the angle ~ in the x-y plane for multiple arrays of vertical dipoles when the planar arrays 1, 2 and 3 
in Fig. 1 are excited simultaneously. Figure 7a shows Eq ve. the angle ~ in the x-y plane when only 

the planar array No. 2 is active. Figure 7 b shows the same when the three planar arrays 1, 2 and 3 

are active. Note the improvement in the directivity of the composite array by having three active planar 
arrays as compared with just one active array. The half power beamwidth is about 6° in Fig. 7a and 
about 2° in Fig. 7b. The more interesting comparison is between Fig. 7b and Fig. 7c, which shows ip vs. 
@ in the x-y plane for a conformal array of 76 equally spaced horizontal, tangential, short dipoles on 
the arc ABCD (Fig. 1). In both Figs. 7b ard 7c, the half power beamwidth is two degrees and the side- 
lobe level is -13 dB. Patterns were also calculated for the conformal array and the multiple planar 
arrays for scanning angles Yo ~ 10°, 20°, 30° in the x-y plane. In all instances, the beamwidth and the 
sidelobe level are the seme as in Figs. 7b and 7c. It is, therefore, concluded that the performance of a 
conformal array on a cylindrical surface can be closely watched by a emall number of multiple planar 
arrays, having roughly the same total number of elements and occupying roughly the same space, 


So far, we have ignored the other component Eg. This is because Eg = 0 in the x-y plane 
(@ = 90°), as can be seen from Eq. (61), The far field is thus horizontally polarized in the x-y plane. 
The cross polarized component Eg becomes more importent at large elevation angles (smaller @). It can 
also be seen from Eq. (61) that Eg is always in phase with Exp if fg (@, p) ie real, or if each planar 
array is symmetrically excited relative to the array center element. The exact value of the crose 
polarized field E, depends on @, ©, Go and ‘ for a given composite array and can be calculated from 
Eq. (61). For example, Fig. 8 shows the two componencs Eg and Er on the conical aurfaco @ = 80° for the 
multiple planar arrays used in calculating Fig. 7b. 











VII. CONCLUSIGNS 


It has been demonstrated that the radiation characteristics of a conformal array on a cylindri- 
cal surface can be closely matched by a number of planar arrays approximating the cylindrical surface. It 
is expected that the same technique will be applicable to many other types of conformal surfaces. The 
phase setting and switching problems of the multiple planar arrays are considerably simpler than those 
encountered with the conventional conformal array. As a result, the multiple planar arrays would have 
less complicated switching retwork and lower losses than a conventional conformal array. It is also worth 
noting that the present formulation based on vector decomposition also provides a very efficient numeric 
algorithm for calculating the far field of many complex radiating structures, Using this approach, the 
structures are broken down into pieces and are treated as arrays of elementary radiators, The computation 
efficiency of the present approach results from making use of known pattern functions of elementary 
sources. In this way, the tiwe-consuming numerical integrations and differentiations that one normally 
encounters in far field calculations are greatly alleviated. 
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Figure 1. Geometry of multiple planar arrays of antennas. 





Figure 2. A planar array of short dipoles. 
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Figure 3. Translation of a coordinate system. 
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Figure 4. Rotations of coordinate Figure 5, A short dipole in two coordinate 
systems. 
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Figure 6, Composite array pattern function for the multiple arrays of Fig. 1, vertical dipole case. 
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Figure 7(a) 
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Figure 7(b) 
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Figure 7(c) 


Figure 7, Far field patterna of the multiple arrays of Fig. 1, horizontal dipole case. (a) Planar 
array No. 2 is active. (b) Plenar arrays 1, 2, 3 are active, (c) A conformal array of 
76 active elements on the arc ABCD. 
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Figure 8(a) 
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Figure &(b) 









Figure 8. Far field patterns on the conical surface @ = 80° fer the multiple arrays in Fig. 1. 
Planar arrays 1, 2, 3 are active. (a) Ey. (b) Eg. 
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DISCUSSION 


S. Gornbleet: Would not the applicetion of the constraint of having a single polarization 
reduce the matrix analysis from thut of using all three Euler angles to two, or in the 
case of the simple cylindrical arrays ~one. 


JK. Hsiao: I do not think that polarization has anything to do with co-ordinate system 
transformation. Furthermore due to the different orientations of the many elementa, in 
general, a conformal array introduces other polarizations, even if each element has a single 
polarization, 


ReHoJ. Cary: What are the advantages of the octagonal planar array system, against a 
conformal cylindrical array. 


J.K._Haiso: For a very large cylindrical array, the switching of radiating power between 
elements is very difficult and complicated. By the use of a few planar arrays, this 
problem can be avoided. 
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DESIGN OF PERIODICALLY MODULATED TRI-PLATE ANTENNAS 


by 
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Summary 


A new configuration of periodically modulated traveling-wave tri-plate antennas has been 
developed. The physical complexity of this new configuration implies that sufficiently 
accurate design data are extremely difficult to predict by any known analytical methods. 


Three different measuring methods to achieve experimental design data are discussed. The 
far-field inethod, which has keen further developed during this investigation, the near- 
field method, and the insertion loss mathod. The most appropriate combination of the 
three methods is used to find the design data. An X-band antenna array is designed and 
discussed. The new structure is mechanically simple, it has good impedance characteri- 
stics, allows good control of the aperture illumination, and radiates a linear polarized 
field with a very low cross-polarized component. 


Introduction 


Reducing size, weight, and physical complexity of antennas with large radiating apertures 
is an important objective in antenna engineering. Another essential factor can be the 
ease with which the antenna structure can be built to fit curved contours such as the 
fuselage of airplanes. 

The stripline antennas might contribute to achieve these things. 

A new configuration of a periodically modulated traveling wave stripline antenna is de- 
scribed. The physical complexity of this configuration implies that sufficiently accurate 
design data are extremely difficult to predict by any known analytical methods for which 
reason it is importante to develop expevimental measurement metnods. Design data are 
extracted from the measured results, and an X-band antenna array formed hy line source 
vadiating elements is designed. 


Radiating Structuce 


Different periodically modulated structures have been investigated to find a structure 
with the following features: 


- The powei radiated per unit length should be sufficient to allow .. low power waste in 
the load. 


- The radiated field should be linear polarized with a low cross-polarized component. 
~ The attenuation factor should be frequency independent to alluw frequency scanning. 
- The configuration should be compact. 


The structure chosen which will be deait with in the following is a tri-plate antenna with 
a zigzag or trapezoidal modulation of the strip and a longitudinal slot in the top plate, 


fig. i. 
2 Longitudinal Slot 








Dielectric 
= 2.62 







Fig. 1 - The tri-plate antenna with a 
transverse cut in the upper plate. 


Measurement Methods 


The traveling wave guided by a periodic structure is, in its fast wave region, character- 
ized by a complex propayation constant y = at+jA, composed of attenuation constant a and 
phase constart 8. The value of these two real constants must be known before a line 
source of optinum radiation characteristica can he designed. 
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The following three different methods of measuring a and 8 are discussed: 


1) The far-field method (Jacobsen J., 1970) 
2) The near-field method (Jacobsen J., 1970) 
3) The insertion loss method (Montgomery C.G., 1948) 


The Test Structures: . 


The value of the attenuation constant is a function of the centerstrip inclination angle ¢ 
(fig. 2). 


Period Length Fig. 2. 


a A section of a zigzag strip 


with the period length d, 
and the inclination angle 94. 


Strip > 


Inclination angle 


Various test structures, each having a constant inclination angle, have been designed for 
measurements in the X-band. The test structures are about ten wavelengths long and mounted 
with SMA connectors at both ends. 


Yhe Par~field Method: 


The guided wave launched at the exitation at one end of the structure is,as far as the 
structure is terminated by a short circuit, composed of an incident and a reflected tra- 
veling-wave. Each wave produces a single mainbeam. The ratio between the two mainbeams is 
equal to the attenuation of the guided wave over the total length of the structure. If 
this ratio is A dB then the attenuation constant is determined by Eq(l1) (Jacobsen J., 1970) 


A = 20 log exp (-aL) (1) 
where L is th: Length of tne structure. 


The angle between the two mainlobes is twice the squint angle and this relation is used 
to determine the phase constant 8 Eq(2) (Jacobsen J., 1970). 


B = K sind, (2) 
where On = squint angie. 
A typical radiation pattern is shown in fig. 3. 
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If the attenuation constant is so high that sidelobes associated with the incident wave 
will have essential influence on the level of the mainbeam associated with the reflected 
wave then the far-field method described by Jacobsen J. fails. The far-fiald method used 
in this investigation has been improved. The short circuit termination is replaced by a 
movable short circuit. This short circuit can shift the phase of the reflected mainbeam 
relative to the radiation pattern from the incident wave. Sum and difference pattern is 
achieved by moving the short circuit and the reflected mainbeam level can be caiculated. 


The Near-field Method: 


If the attenuation constant is so high that even the improved far-field method fails then 
the attenuation constant and the phase constant can be determined by the near-field me- 
thod. Only the attenuation constant has in this investigation been measured by the near- 
field mathod. The phase constant or the squint angle can be measured by the far-field 
method even for high figures of attenuation. , 


The attenuation per unit length is constant for constant inclination angle wnich means 
that the incident wave will decay exponentially from the exitation point. The field is 
measured at discrete points along the structure, the measurement distance from the struc- 
ture to the probe is about 5 mm (determined by experiments). The measured attenuation 
points are fitted with a straight Line and the attenuation constant is determined from 
the slope of this. A typical result is shown in fig. 4. 
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The method is more inaccurate than the far-field method and sonsiderably more tedious. 


Insertion Loss: 


This method is old and well known but will only give the attenuation constant and can 
therefore not be used alone. 


The measured results from the test structures have been prepared and plotted in k-g 
Bee diagrams and k-a diagrams, and design curves have |een extracted from these, 
g-. Sa-b. 


Design curves for tri-plate line source antennas. Frequency 10.5 GHz, squint angle ¢ = 5°, 
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X-Band Antenna Array 

An X-band antenna array composed of eight periodically inodulated line sources has been 
designed. The amplitude distribution on each line source has been shaped to obtain low 
sidelobes and the attenuation constant along the Jine source is computed from the re- 
lation Eq(3) (Rotman and Karas, 1959). 


A2 


Za(z) = See {[Nepers/unit length] (3) 
J 2dz + either J A2dz 
A 
, P(0)-P(L A 
where a = attenuation constant 


z= distance from load along the line source 
A = amplitude distribution 

P(L) = power dissipated in load 

P(0) = power at input 


The value of the inclination angle ¢ corresponding to the attenuation constant a is 
found in the design curve fig. 5b. 


Each element is terminated by a tapered resistance card load. 


The feed system for the array is a T-junction power divider designed to deliver equal 
power and phase signals to each line source. A radome covers the antenna aperture. 


Examples of an VSWR plot are shown in fig. 6, and H- and E-plan radiation patterns in 
figs 7 and 8. 
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The radiation patternpagree well with the predicted patterns, and the VSWR plot shows very 
good impedance characteristic. 


Conclusion 

A new microwave line suurce configuration with excellent properties has been introduced. 
The design data for this structure have been achieved by using the improved far-field 
measurement method supplemented at extremely high attenuation constant by the near-field 
and the insertion loss methods. 


The X-band antenna array predicted from the design curves shows that the predicted and 
measured performances agree very well. The cross-polarized component is at least 30 dB 
below the level of the principal field. 


The very accurate control of the field amplitude as well as the phase along the aperture 
of the line source will make this structure very suitable for design of shaped beam an~ 
tennas. Furthermore the broad-band impedance and radiation pattern characteriatic are 
properties necessary for frequency scanning antennas. 


Further results are hoped to be ready before the oral presentation. 
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A. BRUNNER: You ahowed the frequency bandwidth in respect to the impedence. Can you 
tell us something about the frequency dependance of the pidelobes? In which frequency 
bandwidth can you for instance hold a sidelobe. level ef say 200B7 


F. LAURSEN: The first sidelobe level was designed to be 1848 and the measurement value 
was shown to be Nearly 15dB. The entenna radiation has been measured through the band from 
9 GHz to 12 GHz. The sidelobe level which was measured to be 15dB at the design frequency 
@id not rise above 14dB within the 9-12 GHz band. 


J.R.MARK: We have developed a very similar antennas It differs in thet the central 
conductor follows a “sinusoidally" perturbed path and the slot in this case was of variable 
width. What width slot was used in your antenna and was its width constant. 


F._ LAURSEN: The alot width of thedescrived model was constant and equal to about 0.1 cm 


J: THRAVES: Would you indicate the type of radome that you used? How far away from 
the aerial was it? Did it affect the attenuation end phase change along the array? Was the 
spacing critical? i 


F. LAURSEN: The radome used for the enteuna is a 5 cm thick PVC foam block 21.05 
coveed by a O-5 mm thick glass reinforced polyster skin. 

It does not influence the atterwation nor the phase constants, and the spacing was not 
found to be eritical. 


J. JACOBSEN: 1. Dielectric losses are important for the efficiency. In the actual 
antenna the dielectric losses plus copper losses amounts to approximately 2aB. 

2. If the antenna is covered by a dielectric layer (radome) this effects the phase 
constant and the leakage rate. However this could be taken into account in the design. 


P. LAURSEN: The relation between the two main loss factors, conductor and dielectric 
ia:~ 
cond: stor = 30%, dielectric 70% 





J. _SNIEDER: What is the efficiency of the radiating structure? How much power is 
avsorbed in the terminating load? 


F. LAURSEN: The rediating structure which is nearly 25 cm long does have a residual 
power at the load of between 10-15%. 

This can be achieved even for shorter structures if the longitudinal slot in the top 
Plate is widened, 


R.HeJ. CARY: Have you a comment on temperitive effects on the performance of the 
antenna due to changes of attenuation and dielectric constant? 


F. LAURSEN: The only change in antenna performunce due to changes of temperative is a 
smail change L the loss in the structure (conductor and dielectric). For the material used 
this change ia very small. 
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HIGH EFFICIENCY ANTENNAS FOR AIRBORNE RADAR 
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Silverknowes, Ferry Road, 
Edinburgh, EH4 4AD, 
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SUMMARY 


Consideration is given to several antenna types which are suitable for use in airborne radars, and 
their advantages and disadvantages discussed. Several important antenna properties are efficiency, side- 
lobe level, scanning rate, weight, cost, etc. In this paper the emphasis is concentrated on methods which 
give a high antenna efficiency, whilat trying to maintain as many of the other properties as possible. 

An experimental Casusegrain antenna has been designed and built. This employs energy redistribution 
techniques to give a high antenna efficiency, whilst retaining a reasonable sidelobe level. A measursd 
efficiency of 70% was obtained at the design frequency, which only dropped to 65% at 500 MHz above design 
frequency. The antenna gave good sum and difference patterns over a 2 GHz band in X=band. 


1. INTRODUCTION, 


There are several different types of antenna which are suitable for use with airborne radars. These 
types each have their own advantages and disadvantages, which will depend to some extent on the role of the 
radar. The main roles are Airborne Interception, Ground Mapping, Terrain Avoidance and Terrain Following. 
In all these cases there will be a requirement for high efficiency and for low sidelobe level, combined 
with the need to scan the antenna beam, either electrically or mechanically, in one or two planes. 

Let us consider the attributes of the different types of antennas. Those described here range from 
relatively simple antennas to much more sophisticated and expensive ones, the list is not intended to be 
comprehensive but rather to illustrate and compare representative types. 


i) Front-Fed Reflector Antenna. 

This is the simplest and cheapest of the antenna types under consideration. The feed may consist of 
a single channel, e.g. in a weather radar, or may have multiple apertures giving monopulse operation in one 
or two planes. The use of a front-feed with single-plane monopulse will give good performance when the 
split is in the E-plane of the aperture. Splitting in the H-plane will generally be much less efficient 
unless # multimode feed is used, or the antenna employs phase comparison between two halves of the aperture 
which are independently illuminated by the two halves of the feed. These comments also apply to the case 
of the two-plane moropulse system. The use of a multimode feed for a front-fed reflector will tend to 
increase the size and complexity of the feed. This will add to the aperture blockage, thus degrading 
the efficiency and sidelobe levels. The increased weight forward of the mounting points will require 
the use of stronger feed supports, thus increasing the weight and inertia of the antenna. It is possible 
that in some cases, an offset feed can be used, thus eliminating the blockage and easing the feed mounting 
problems. However, whilst this solution is available in ground-bauwed radars, most airborne radar environ- 
ments preclude this solution. 

A front-fed antenna with a single-plane simple monopulse fed can give an efficiency of the order of 
50-55%, with a sidelobe level not worse than 20 dB. A typical bandwidth will be at least 10%, The use 
of a multimode feed will give monopulse operation in both planes, and probably increase the antenna eff i- 
ciency slightly at the centre of the frequency band, because of the lower spillover achievable with this 
type of feed. It will however have a lower bandwidth because of dephasing between the modes in the feed. 
The intermediate stage of a feed supporting a single sum mode and a single difference mode will behave 
more like the simpler feed, whilst giving the ability to track in both planes. 


ii) Cassegrain Antenna. 

Under this section, the Cassegrain antenna will be considered to be the normal one with a parabolic 
main reflector and a hyperbolic subreflector, The two main types are those with conventional netal 
reflecting surfaces, such as the minimum blockage Casosegrain, and those with a polarisation twisting main 
reflector and gridded subreflector. The former type has a blockage level which is very high for the 
small antennas normally used in airborne radar, with a diameter up to say 1 metre, whereas for large 
antennas such as are used for satellite communications, the blockage is relatively small, On the cther 
hand, the polarisation twisting reflector is a relatively complicated structure and needs to be sanu~- 
factured to a high degree of accuracy. This manufacture can be achieved without too guch difficulty for 
anall reflectors, where wire grids can be layed up directly on the reflector surface. For larger 
reflectors, this technique soon becomes impractical, and resort must be made to the use of wires ombedded 
in fibreglass cloth, or similar material, which must be especially produced to give the desired wire spacing. 
Thus there is a fairly well marked dividing line between the use of twisting Cassegrains for small antennas, 
and the use of conventional surfaces for larger antennas. This will occur around 14 metres diameter 
at X-band. 

The main advantages of tho Cassegrain antenna are that the feed projecta through the reflector from 
the rear, and that the main reflector may have a longer focal length because of the use of the two reflector 
systen. The rear feed cuts down the amount of feed blockage to that of the feed aperture, since there is 
no blockage from a cupport stru ture. The comparator structure for obtaining the sum and difference 
signals may be situated either in the feed stem, or conveniently folded back along the rear surface of the 
main reflector. This also reduces the inertia of the antennas since the inertia of the subreflector and 
its supporte will normally be less than that of a front feed, and will certainly be leas for antennas of 
equivalent focal length. The longer focal length available means that the antenna may be designed to 
have a low level of cross-polarisation, again improving the efficiency. 

The comments in the earlier section on the use of simple or multimode feeds apply equally to the 
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Cassegrain antenna. 
difference patterns. 


The efficiency of a twisting Cassegrain will generally be slightly higher than the comparable front- 
~fed antenna. The bandwidth will usually be limited by the design of the twist-reflector (except when 
a multimode feed is used, in which case this will probably limit the bandwidth), being dictated by the 
acceptable level of cross~polarisation due to imperfect twisting. This cross-polarisation will normally 
show up in the direction of the main beam, rather than in the 45 degree planes where the normal reflector 
croas~polarisation is at its maximum. The efficiency of a small Cassegrain with normal reflecting 


surfaces will generally be too low to be acceptable, whilst the sidelobe level will suffer even more from 
blockage than the efficiency. 


The full multimode feed will give a better effiviency, and considerably improve the 


iii )High Efficiency Cassegrain Antenna. 


The conventional Cassegrain antenna uses the classical reflector shapes to satisfy the conditions 
which give a plane wavefront in the radiating aperture of the antenna, There ia however an infinite 
family of surfaces which satisfy these conditions. By using the extra freedom of choice which this range 
gives, the designer may, within reason, produce almost any desired amplitude distribution in the radiating 
aperture, whilst retaining the plane wavefront. This process has been used (1), (2) mostly for large 
satellite communications antennas, where an uniform amplitude distribution is desirable. In a later 
section of this paper, an experimental antenna is described which uses these techniques to produce an 
lllumination more suitable for a radar antenna. This antenna has good radiation patterns in both sum 


and difference channels, with a measured efficiency of 70% at the design frequency. This is a considerable 
improvement on the conventional Cassegrain. 


iv)Flat Plate Antenna. 


This antenna consists of a flat radiating surface which contains a large number of radiating slots. 

In a typical antenna the slots are cut in the broad faces of waveguides running in the plane of the aperture, 
the slots being separated by half a guide wavelength and displaced on alternating sides of the centreline, 

so that they radiate in phase. These waveguides will have some form of feeder network, which distributes 
the power to the waveguides. In many cases, the waveguides will be split in the centre by a short circuit 
so that the two half-waveguides can give monopulse information. 

The amplitude distribution of this antenna is determined by the displacements of the slots. As 
the high-efficiency Cassegrain, there is considerable scope for choice of a suitable illumination, such as 
a Taylor distribution. The feed network can be designed to have a fairly low loss, so that an efficiency 
: of the order of 80% can be achieved at the centre of the frequeucy band. 

i For all except the very smallest flat plate antennas, the bandwidth is limited by the length of the 

‘ slotted waveguides, as with the design of any other resonant array. This can be alleviated by subdividing 
the lengths of waveguide, and feeding them separately from a complex feeder network. A 20 slot antenna, 
with central short circuits, will have a bandwidth of about 5%. The bandwidth varies inversely with the 
number of slots, but can be improved by further sutdivision with short circuits. 

The efficiency of the antenna at the edge of the frequency band will be down considerably on the 
central efficiency, to say 65%. However, because the flat-plate antenna has very little depth (an X-band 
antenna may be 24 to 5 cm. thick, including feeders and comparators), it will normally be possible to 
install a larger diameter of flat-plate than of Cassegrain in a given swept volume. Thue for a given 
available swept volume, the gain of a flat-plate antenna may be significantly higher than a Cassegrain 
antenna, even at the edge of the frequency band. 

The main disadvantages of the flat-plate antenna are the low bandwidth, high cost, and difficulty 
of manufacture. The antenna, whether made from waveguides or sheet metal, must be made to waveguide 
tolerances, and joints must be well made, often in difficult positions, so that there is no high-power 
breakdown or leakage, and minimum gas leakage if the antenna is pressurised, 
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v)Phased array antenna, 


The phaeed array antenna, which has been a subject of considerable interest in recent years may be 
considered to be in a different class from the other antennas discussed in this section, since its scan 
rate is several orders of magnitude faster than mechanically scanned antennas, whilst ita gain is 
considerably lower. 
There are two main types of phased arrays; those where the amplitude distribution is provided by 
some form of power divider network, and the phase shifters are transmission units, and those which are 
flluminated in the same way as a front-fed reflector, and use short-circuited phase shifters to reflect 
the energy so that it may be re-radiated. 
With the conventional type of phased array, the use of a feeder network gives scope for choice of 
amplitude diatribution. The feeder network ts likely to be very complicated, especially if two-plane 
scanning is required. However, for many applications, it may be sufficient to use high-speed scanning 
in one plane, and mechanical scanning in the other plane, giving a raster scan. In this case a much 
simpler feeder network can be used, with distribution in the other plane by means of conventional arrays. 
This type of antenna has considerable logs of power in both the feeder network and the phase shifter 
elements, these being typically at least 1! dB each. After aperture efficiency and other losses have 
been included, the total antenna efficiency may be of the order of 30%, 
The reflect arruy may well be a bettor antenna when phase scanning is required in both planes, A 
multimode feed can be used to iljJuminate the array, thus minimising spillover loss. There is not much 
scope for choosing an efficient amplitude diatribution, so that the overall) efficiency will be considerably 
influenced by a low aperture efficiency. The phase shiftor loss will again be at least 1 dB, at the 
Present atate of technology, so that an overall efficiency of about 30% may again be typical. 
Thia antenna lias the advantage that tt does not require a complicated and expensive feeder network, 
so that the cost may be significantly leas than a comparable transmission array, although considerably 
Bore expensive than the other entenna typos considered. The preaence of the front-feed does not have 
the same disadvantages as with the front-fad reflector, since it fits conveniently within radomes because 
the antenna ia fixed, and the need to minimise antenna inertia no longer applies. 
Although the phased arrays considered have efficiencies 3 or 4 dB down on the best antennas 
doacribed earlier, the extremely high scanning rate may give sufficient systeus advantage to outweigh 1 
the low gain. Thus the phased array, in its present state of development, dows not qualify ase a high ' 
etficiency antenna. Nevertheless, it ia interesting to speculate what the future may hold for it, | 
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2. HIGH EFFICIENCY CASSEGRAIN ANTENNAS. 


i) Reflector Design. 


The conventional Cassegrain antenna uses the classical reflector shapes (parabolic main reflector and 
hyperbolic sub-reflector) to produce a plane wavefront in the radiating aperture, by ensuring that the 
path lengths from the phase centre of the feed to all points of the radiating aperture are equal. 
reflector shapes are part of an infinity of surfaces which satisfy this condition. 
degree of freedom which is used to produce an arbitrary distribution. 

This extra freedom hag been used by Williams (1) and Claydon (2) to produce designs where the feed 
illumination has been converted to give an uniform mplitude distribution. This procedure has general)y 
been applied to cases with large reflectors, using a minimum blockage sub-reflector and a single channel 
feed. Two designa are described in this paper which extend this procedure to produce an illumination 
more suitable for a radar antenna. The distribution used is a raised cosine-squared distribution with 
an edge taper of 144 dB, which has a theoretical aperture efficiency of 89%, and sidelobe level of 27 dB. 
This distribution is virtually identical to a 27 dB Taylor distribution for a circular aperture. 

The mechanism for the energy redistribution may be seen by reference to figure 1. The shape of 
the sub-reflector tends to be more sharply curved than usual in its central area, bending round to a 
much flatter profile at the edge. As a result some of the energy from the central part of the feed 


pattern is forced to the outer part of the aperture. This process is even more marked when an uniform 
distribution ia being produced. 


Referring again to figure 1 for the appropriate symbols, 


These 
This gives an extra 


the relevant equations are 


dr/dQ@ = r tan $(@+6) (1) 

dy/dx = - tan }¢ (2) 

r=C+y- (x - r sin@ )/sin g (3) 
where C is a constant 

dx/d@ = A £(@) sinO®/(x f(x)) (4) 


where F(@) is the radiation pattern of the feed, f(x) is the desired amplitude distribution and 


x 
| ™ £(x) dx 
oO 


Az 
nm. : 
? F(@) sin® dé 


is the constant which ensures conservation of energy. 


Equations (1) and (2) are the conditions for optical reflection at the surfaces of the two reflectors, 
equation (3) is the condition for equal lengths along all paths form the feed phase centre to the radiating 
aperture plane (taken for mathematical simplicity as the plane through the vertex of the main reflecto.") 
and equation (4) is the condition that the energy in a section of the aperture is equal to the energy in 
the corresponding section of the feed pattern, the constant A ensuring that the total energy in the radiating 
aperture is equal to the total energy in that part of the feed pattern which is used. 

The feed ts a multimode horn, with uniform illumination in the E=plane and a combination of HO1 and 
HO3 modes in H-plane, chosen to give a good approximation to a circularly symmetrical feed pattern. The 
E-plane shape of the pattern is used for the function F(@) because this gives a simpler mathematical 
representation than the H-plane shape. A large feed angle has been chosen, which gives a large subreflector, 
but reduces the total depth of the antenna. There is still a certain amount of freedom to choose the 
position of the reflectors and the feed, The feed phase centre was chosen fairly well forward of the main 
reflector to allow space for the moder section and the first level of couplers (the second level can he 
folded back along the rear surface of the reflector to give an improved package). With all these factors 
specified, the subreflector position was then chosen, from examination of the resultant profiles, to 
minimise the total] swept volume by making the edges of the main and subreflectora equidistant from the pro- 
posed axis of rotation, The four equations, and the other values apecified as above, are sufficient to 
produce the reflector profiles. The differential equutions are solved numerically on @ computer, using 
the Runge-Kutta technique. Extensions to the edges of the reflector profiles were calculated using a 


curve fitting technique. These were used to produce moulds sufficiently large that the reflectora could 
be manufactured oversize, and then cut to the required size, 


ii) Feed Deatgn. 


The choice of suitable ratios of modes, and ratios of aperture dimenaiona is based on the results 
wiven by Hannan(3), The optimum values given in this paper are for the simple front-fed reflector of ‘ 
tong focal length, where the obliquity factor is not included in the theoretical feed pattern. Thia method 
gives a unique relationship between the reflector size and the optimum feed size. This uniqueness is ] 
removed for the case of the Cassegrain, aince the feed angle can he specified, and the subreflector ia then . 
specified. With the present reflector conditions, there in alao further freedom to choose subreflector 
ponition (this is not available in the simple Cassegrain when the feed position and feed angle have been 
chosen). The chosen mode ratio between HO3 and HO! of 0.4, together with appropriate cperture dimensions 
gives a good approximation to a circularly symmetrical beam, which can be used down to 20 dB below the 
peak, thus giving a very Jow spillover loans. i 

The design ef the H-eplane moding disacontinuity,to give this mode ratio, used an oxtenaion of the ; 
method deseribed by Drabowitch (4). It was found that some of the solutiona, after initially converging 
with the first few modes, then becane unstable with the addition of extra modes. The resulta of the 
stuble part of the convergence were extrapolated to get the solutions. Shortly after this part of the 
feed design had been completed, papers were published by Masterman and Clarricoats (5) and Lee et al (6) 
which gave explanations for thin phenomenon, and indicaced methods of solution based upon cayeful choice 
of the number of modes used in the various waveguide sectiona,. As well as obtaining the appropriate 

mode ratio, the phasea of the modes were obtained from the computation. 

The output from the moder har a smaller cross-section than the required aperture. 
iw used to provide the trausition. This section must have its length chosen ao that the HO3 and HOl 
modes are in phase at the aperture. The design of the flare waa deliberately made shorter than required, 
and spacer pieces (with the samo crosa-section as the moder eid of the fiure) introduced to make up the 


A flare section 
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length, thus enabling the correct phasing to be checked experimentally. 

The four channels from the moder feed through two levels of phase shifters and in-line 3 dB couplers 
to give signals to the sum channel and the two difference chennels. This gives a very compact comparator 
package, with the first level in the feed stem forward of the reflector surface. 





111i) Construction Details. 

The feed stem and comparator network are milled from solid metal with covers added later. The 
E-plane 3 dB couplers are Double Slot Couplers designed at Ferranti by Brown and Ashforth, and the H-plane 
couplers are a modified version of the Riblet Coupler to allow easier machining. The flare section is 
separately machined, as are the spacers, and dowelled to the feed stem to give correct alignment at the 
moder discontinuity. 

The main reflector is a twistreflector, built to a corrected Hannan design. This was laid up on 
the mould, using fibreglass honeycomb for the core, and aluminium tape for the reflecting surface. A 
further layer of honeycomb was bonded to the rear surface to give extra strength. Experience of the 
completed structure indicated that this was probably not necessary, and that a fibreglass skin behind 
the reflecting surface would be sufficient. The subreflector is of A-sandwich construction, with a wire 
grid embedded in the skin nearest the feed. Metal sub-reflector supports were used for the experimental 
antenna. For a production version, a dielectric cone would be used. 

The weight of the present antenna is about 19 pounds. With the removal of the rear layer of 
fibreglass honeycomb, and other manufacturing improvements such as the use of thinner walls in the feed, 
a weight of about 5 pounds should be achieved. 





iv) Experimental Measurements and Results. 

Radiation patterns of the feed were measured in both planes, with different nunbers of spacers 
between the feed stem and the flare. Each spacer represented an extra 10 degrees of differential phase 
between the HO1 and HO3 modes. The elevation plane pattern (not the multimode plane) remained unchanged, 
whilst the azimuth plane beamwidth reached a maximum value when the two modes were in phase. The maximum 
beamwidth was achieved with e@ spacer setting within 1 spacer of the expected value. At this setting the 
beamwidths in the two planes were equal, and the beam gave a good approximation to circular symmetry and 
to the theoretical shape. This setting has been used in all later measurements with the multimode horn. 

The twistreflector was initially tested by front-feeding it with a simple horn. As this reflector 
is a good approximation to a paraboloid for most of its radius, thia gave good radiation patterns with 
twisted polarisation, with a low level of untwisted polarisation over the desired bandwidth, indicating 
that tne twistreflector was well centred in frequency. 

The complete Cassegrain antenna was then focussed with a simple horn (of the same beam shape) in 
place of the multimode horn. After focussing with the simple horn, the multimode horn was substituted. 
It was found that, at the design frequency of 9.25GHz, the E-plane and H-plane phase centres of the 
feed were separated by about 2 cm., whilst at 9.75 GHz, the phase centres were coincident. The antenna 
d was focussed so that the feed was placed midway between the azimuth plane best focus and the elevation 
j plane best focus. No attempt has yet been made to redesign the feed to make the phase centres coincide 
' at 9.25 GHz. 

Gain measurements at this stage gave an efficiency only just over 60%. Investigation of this 
showed that the aperture illumination cut off about 3 cm. inside the edge of the main reflector. This 
suggested that the outer edge of the subreflector was not acting as a true reflector because the wires 

at the edges of the subreflector were not seeing short circuited terminations, To overcome this, a 
larger subreflector was made, taking advantage of the fact that the moulding tool had been made oversize. ( 
: With this reflector in position the illumination came within 1 cm. of the edge of the main reflector, with 
: the diameter of the subreflector 5 cm. greater than the original one. This improvement also showed when 
radiation patterns were taken of the sgub-reflectors illuminated by the simple horn, The patterna with 5 
the originai subreflector cut off sharply at too low an angle, whereas those with the larger subreflector ' 
gave much nearer the correct angle. These radiation patterns showed the general shape of the desired 
tliumination, together with the ripple normally associated with subreflector patterna. 
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\ After refocussing with the larger sub-reflector, further radiation patterns were measured, and gain 
i checks made. The efficiency at 9.25 GHz was now up to 70% and waa as high as 65% at 9.75 GHz (with the 
antenna set to the mean focus position at 9.25 GHz ). Figures 2-6 give a summary of the resulta from the 
radiation patterns taken at 0.25 GHz steps from 8.5 to 10.75 GHz. The difference channel levels have 
ft been corrected for mismatch loss, since the feed is at present unmatched, The feed at present hae a 
VSWR ranging up to 2:1 in the sum and azimuth difference channels (up to 1.6:1 between 9 and 10 GHz), 
and up to 3:1 in the elevation difference channel. The levels presented in the diagrams are the mean 
‘ results from the two sides of the patterns. 
Good resulta have been obtained over the whole measured frequency hand, with aum sidelobes better 
‘ than 20 dB over most of the band. The azimuth difference patterna (generated by the HO2 mode in the 
feed) show the high level to be expected from the optimised difference pattern, and the elevation difference 
pattern ia at the level consistent with a normal E-plane split. The low 3 dB heamwidths indicate the 
high efficiency achieved in the design. The results are best in the region of 9.75 GHz, indicating that 
the movement of the horn phase centres is probably the most significant factor affecting the bandwidth 
of the antenna. 

Wide angle radiation patterns have been measured at 9.75 GHz. The far out sidelobe level (from 
40 to 180 degrees each side of the main beam) was better than 52 dB down in both planes, for normal and 
cross polarisation. Thie level was achieved without recourse to the atandard methods for reducing the 
effects of epillover, and is also somewhat aggravated by the use of metal struts to support the subreflector, 
The use of a dielectric cone to support the subreflector, and of spillover suppression should reduce the 
fay out sidelcbe level to 60 dB down on the main beam. The highest measured crose-polarisation in the 
principal planes was 30 dB down on the correct polarisation. 


v) Improvement of Efficiency of an Existing Cassegrain Antenna. 
A set of reflectors was designed for an existing Cassegvain antenna so that a test could be made 

to check how much improvement of efficiency can be achieved by the use of specially shaped reflectors. 
The existing feed was retained, but was allowed axial movement during the design process. Various seta 
of reflector profiles were tried, with the aim of retaining the exiating main reflector if possible. A 
dosign waa reached where the aain reflector could be retained without introducing an unacceptable level 
of phase error. A new subreflector was manufactured to the chosen profile, using an overesze diameter 
as described in the previous section. The antenna has a twisting main reflector and gridded subreflector. 
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The antenna diameter is 48 cm. : 
Gain measurements were made for the existing antenna. The new subreflector was then introduced, 
and the antenna focussed with the feed in its new position. Good radiation patterns were obtained. The 
1 


sidelobe levels were higher than with the original antenna, this being consistent with the use of a ' 
best-fit paraboloid instead of the correct shape for the main reflector. The 3 daB beamwidth with the 3 
new sub-reflector was considerably lower than before. The measured gain for the modified antenna was 31.1 dB 

at 8.95 GHz, giving an efficiency of 63%. This is } dB better than the gain of the original antenna, and 

is a very good efficiency for such a small dual-plane monopulse antenna. 


vi) Conclusions. 

The two antenna designs reported above clearly indicate the improvement that can be made to the 
efficiency of a Cassegrain antenna by the use of specially shaped reflectors. This improvement is partly 
caused by the increase in aperture efficiency, and partly because more of the feed illumination can be 
usefully used. The use of more of the feed pattern improves the efficiency in this design because the 
reflectors redistribute it efficiently, whereas, with the classical reflector shapes, the use of too much 
of the feed pattern will give a high edge taper to the illumination and lower the overall efficiency. 

The small antenna indicated that this technique works well, even for an aperture as small as 15 
wavelengths, with an increase of gain of 3} dB. The main antenna described gives an efficiency of 70% 
at the design frequency. The patterns obtained are good for a first prototype. The results from the 
reflectors, with both the simple and the multimode horn, are very close to the desired results, whilst 
the feed, apart from the need to control the phase centres and improve the matching, gives good results 
with a wide bandwidth. 

The antenna is an improvement on the classical Cassegrain with no apparent disadvantages compared 
with it. Once the moulding tools have been made, it should not cost more to manufacture, whilst the 
weight is only marginally higher because a larger subreflector is used. 
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ISCUSSION 


M. VOGEL: What type of measurement did use to find out the sperture illumination cut-off 
inside the sdge of the main reflector? 


AsJs LAIT: Near field probe measurements using a small horn, were made. These were only 
approximate measurements, but they gave a good indication cf the cut-orf of the illumination. if 
‘ This measurement also indicated that the desired redistribution of the energy had been 
4 achieved. 


2; KEATING: Does your efficiency value include I2R losses, and to where do you reference 
the value? 


A.J. _LAIT: Yer it includes these losses, and the value is referred to the antenna input. 
The efficiency ia calculated from the measured gain. 


: R.Hed. CARY: How do you measure efficiency? 


! AsJeLAIT: The gain of the antenna is measured by comparison with a stanaara gain horn. 

: the efiiciency is then calculated by comparing this gain with the gain of the uniform 

i illumination across the totel antenna aperture. This therefore includes the effect of all 
antenna losses, which may be resistive, aperture losa, spillover, cross=polarization, ete, 





9 aca wine 


oe MRL Be: ect bie n a e 


4 
4 





Se EEN ETO REE EA TE PETS, ORS POT TE ET TE Pe 


SHF HIGH POWER AIRBORNE COMMUNICATIONS ANTENNA 


J. P. Grabowski 
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RCA Missile and Surface Radar Division 
Moorestown, New Jersey 08057 





SUMMALY 


The hirh power SHF antenna, which is mounted atop the fuselage of a KC-135 sircraft, ts part of a link which 
permits comn. inication between tactical terminals by means of a synchronous-altitude satellite. The antenna can 
acquire and track a satellite beacon signal, hold a stable line of sight for a short period of time, and is capable of 


being coinputer pointed. The antenna configuration was specifically designed for handling high CW power levels at 
X-band frequencies without the use of forced-air or liquid cooling. 


A 32-inch Cassegrain antenna system was selected to provide a minimum antenna gain of 32.5 dB over a 6% 
transmit frequency band and a separate 6% receive frequency band, The antenna radiates a right-hand circularly 
polarized signal at a CW power level of 12.5 kW and simultaneously receives left-hand circularly polarized signals, 
Computations utilizing measured antenna patterns indicate the antenna noise temperature to be 84 K. 
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The feedhorn is a simple conical horn aperture operating in the dominant mode. A 2-mil H-film aperture window 
serves as the feed radome and pressure barrier. Compactness is achieved in the feed design by incorporating a 
eircularly polarized dual-mode transducer which generaies the required senses of circular polarization and at the 
seme time provides the duplexing between the transmit and receive signals. The subreflector is only four wavelengths 


in diameter and includes a reflective disk at the hyperbola vertex to give a broadband impedance match and provide 
control of the transmit-receive isolation. 
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1. INTRODUCTION 


The High Power SHF Antenna was designed to help evaluate a tactical satellite communications system which 
k links tactical terminals by means of a synchronous-altitude satellite. The antenna is intended to be part of an airborne 
terminal communication system which can acquire and track* a satellite beacon signal, hold a stable line of sight for 
a short peviod of time with on-mount gyros, or be computer pointed. The antenna system selected for this application 
is a Cassegrain design which includes a 32-inch main reflector and a 6~inch. subreflector which is servo controlled in 
azimuth and elevation to provide nearly complete hemispheric coverage. 


This paper will discuss only the RF' portions of the antenna subsystem. The antenna was developed and flown 


‘ with a 2 kW average power system and then was redesigned to handle 12.5 kW. This latter configuration will be 
E described. 
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2. HIGH POWER DESIGN 


The existing 2 kW antenna system (Figures 1 and 2) was assessed for its suitability and limitations for handling 
the specified 12.5 kW of average transmitter power. With no additional cooling, the majority of the components used 
; in the transmitter RF channe! would reach excessive (425° F) or near excessive temperature. Highest temperatures 
would occur in the two transmit~channel rotary joints and in the feedhorn, 


Two general approaches are available to reduce these temperature extremes: cooling and reduction of heat 
input. 


2.1. Thermal Design 


Cooliag requires a design which more readily uses conduction, convection, and radiation without relying on 


liquid or forced air since the application is for an airborae system. These design considerations were assessed and 
optimized ky computer m2thods. 


A ther.nal model was established and verified by temperature data from the 2 kW SHF antenna sysiem, Asa 
result cf this computer evaluation, the thermal efficiency of the RF system was increased by the following methods: 


1, Improved conductive coupling between the RF components and the basic antenna structure. This permits 


the antenna to serve more efficiently as a thermal radiator, 





¥ 
Tracking data is obtained by a slow mechanical movement of the main aperture which {is platform atabilized for : 
aircraft motion. Only a single receive channel is required. i 
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2. The use of fins on the waveguide and the feedhorn. 
3. The use of special paints that have a higher emissive value than the original system. 


2.2. RF Design 


The reduction of heat input by minimizing RF loss is doubly beneficial because 1) less thermal energy is to be 
dissipated, and 2) an increase in the radiated RF energy is achieved. Appreciable loss reduction is possible by taking 
full advantage of the microwave technology on surfaces, muterials, waveguide modes, and component corfiguration. 


In the transmit path the original aluminum V’R112 waveguide was replaced with WRi37 OFHC (oxygen-free high 
conductivity) copper waveguide with the exception of a 4-inch flexible waveguide scction made of beryllium copper. The 
flexible waveguide solves mechanical tolerance and thermal expansion problems. Special considerations were applied 
to the flexible waveguide with regard to plating, jacketing, and external finish. Waveguide joints were minimized, 
including combination of the feedhorn and polarizer network. Where flanges were required, special Parker-type seals 
were used both to seal and to ensure maximum heat transfer across the flange. 





Coating of the waveguide inner surfaces was investigated with the conclusion that in a dry, non-corrosive 
atmosphere, an uncoated surface was best. Tests were made on a temperature-cycled piece of waveguide having an 
uncoated inner surface, and no increase in loss was detected. 


Figure 2 shows the losses in the vriginal system as compared to the 12.5 kW system, The combination of 
reduced RF loss and increased thermal efficiency results in acceptable component temperatures under worst-case 


conditions. 
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o COMPONENT DESIGN : 


The following paragraphs briefly describe the microwave components in the antenna subsystem, with special 
emphasis on the dual-channel rotary joint which proved to be a critical component in terms of the high pewer design. 


3.1, Rotary Joints 


Three rotary joints are required in the antenna system: 1) a high-power dual-channel azimuth, 2) a high- ‘ 
power elevation, and 3) a low~power elevation, In the conventional, coaxial, TEM-mode rotary joints, the greatest 
loss and thus highest temperatures occur at the center conductor where dissipation is moat difficult. A logical solution 
is elimination of the center conductor. For the single-channel high-power elevation joint, the TMg; mode was used, 
where, without the center conductor, all the RF losses occur in the outer wall. This type of joint also has lower 
losses than the conventional TEM type as the TMg, mode is a lower loss mode. For the dual-channel azimuth joint, 
two decoupled modes in circular waveguide were used, the TMg, mode for the transmit channel and the circularly : 
polarized TE,, mode for the receive channel. (A third channel, the opposite-sense circularly polurized TE; mode 
was unused and terminated.) This design approach has the following advantages: 


1. The cross coupling between the transmit and receive channels is independent of impedance mismatches 
in either chennel. Theoretically the modes are completely decoupled; actually 35 to 40 dB is attained. 


2. Since the TMg; mode has no phase variation with rotation, the line stretching effect is eliminated in the 
transmit channel. ‘ 


3. Reflections caused by minor fabrication imperfections are absorbed in the resistive load term inating the 
third channel, 


4. Reduction [n loss for both channels is obtained over an equivalent TEM rotary joint. } 


5, Ease of thermal dissipation of the heat generated is achieved. 


A block diagram of the rotary joint parts {s shown in Figures 3 and 4. The non-rotating section consists of a 
mode exciter und a polarizer. The exciter 1g a waveguide junction in which the TMy, mode and two orthogonal TE), 
modes are launched in circular waveguide. The transmitter is connected to the TMy, mode port and the receiver to 
the TE, mode port. The polarizer converts the orthogonal TE,, modes into a circularly polarized TE), mode at the 
rotating junctica. The rotating section is identical to the non-rotating. 


seas te ag aed 


With this design a new type of rotary joint has been developed for dual channel applications with high average : 
power capability and extremely low loss for both the transmit and receive channels, i i 
{ 


The low power receive elevation rotary joint uses the conventional TEM deuign. ; 
3.2. Feed and Radome 
The feedhorn is a simple corical horn aperture operating in the dominant mode. The 10-dB beamwidth is 100 


degrees, which efficiently illuminates the subreflector and the antenna, The aperture window is 2-mil H-film which 
also serves as a pressure barrier. The H-film material maintains excellent electrical and physical properties over 
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a wide range of temperatures, The finned waveguide feed as seen in Figure 5 is well within the shadow of the subre- 
flector and provides an efficient thermal path for the removal of heat. 


3.38. Polarizer 


The polarizer element is essentially a dual-mode transducer and a circular polarizer integrated into a single 
microwave component. It consists of two rectangular waveguide inputs with a common center wall which forms a i 
sloping (20°) septum arrangement extending from the top to the bottom waveguide wall. The output of the polarizer is 
a single, square, waveguide channel capable of supporting circular polarization. A sketch of the polarizer is shown 
in Figure 6, Linearly polarized signals from the transmitter pass through the polarizer and emerge as right-hand 
circularly polarized signals. Conversely, left-hand circularly polarized signals are received by the antenna, and as 
they pass through the polarizer the signals are simultaneously combined into a linearly polarized signal and directed 
to the receive channel. 


3.4.  Subreflector 


The subreflector is a four-wavelength hyperbola which includes a vertex matching plate. The purpose of the 
vertex plate is to reduce the mismatch of the subreflector to the feedhorn. These reflections, which are approximately 
14 dB down from the transmitted signal, degrade the inherent isolation between the transmit and receive channels. 
Since "duplexing" is achieved by the polarization characteristics of the antenna, all reflections from the subreflector 
which re-enter the feed end up in the receive channel. There are various ways in which the subreflector can be 
matched; however, the 16% bandwidth requires the matching element to be placed at the source of the mismatch. The 
disadvantage of the vertex plate is an increase in the antenna pattern first sidelobe levels from 18 dB to 15 dB. 


4. PERFORMANCE 


Except for the thermal analysis, all of the following data and results were obtained from a completely 1 
assembled end-item antenna. The thermal data was obtained by a computer analysis of a thermal model of the antenna, ‘ 
requiring inputs from insertion loss measurements and high power tests of the various microwave components, 

Accurate insertion loss measurements were made with the use of a HP-8540A Network Analyzer. In addition, high 
power tests which measured heat dissipation of the various components were evaluated against the measured insertion 
losses and good correlation was obtained. Table I summarizes the antenna performance. 


4.1. Thermal Analysis 


Table 11 shows the calculated temperatures of the 2-kW system components if used at 12.5 kW. Also shown in 
Table II are the 12.5-kW system component resultant temperatures for the condition of: 1) the aircraft at sea level, 
operating in the sun with no wind (the worst case), and 2) at 45,000 feet altitude, all based upon computer analysis, 
Figure 7 shows the location of the components listed in the table. A Limiting temperature value {s stipulated to be 
425°F for no appreciable strength loss of aluminum alloys. 


High power RF tests were performed on the feedhorn-polarizer, elevation rotary joint, and the dual-channel 
azimuth rotary joint to evaluate the design for RF breakdown and heat dissipation. These tests were performed at 
10 kW CW, with the results extrapolated to 12.5 kW CW (10 kW CW being the maximum power available, since the 
final transmitter was not yet developed). The components were found to be free of RF breakdown when operated to the 
point of full temperature stabilization. 


4.2,  Puttern Data 


A contour pattern of the antenna is shown in Figure 8. The symmetry of the main beam can be seen along with 
the sidelobe structure which is at a maximum inthe 45 planes, These sidelobes are the result of the quadripod 
support for the subreflector. The first sidelobes occur at an angle of 5 degrees from boresight and vary between 14 
and 16 dB over the frequency band. The second sidelobe varies between 24 and 30 dB, The 3~dB beamwidth is 3 
degrees and is consistent with the antenna gain. Sidelobes and beamwidth data are shown in Figure 9, | 


4.3, Gain i 
The antenna gain at center frequency was calculated to be 38.8 dB. This value results from an antenna 
efficiency alculation of 55%. Measured gain values of 33.25 dB were obtained at the input to the dual channel rotary 


joint. The microwave losses amount to 0,4 dB, and when added to the measured gain values result in an antenna gain 1 
of 33,65 dB, Gain values are shown tn Figure 9. 


4.4, Axial Ratio 


The axial ratio of the antenna is almost entirely a function of the polarizer performance. As can be seen from 
Figure 9, the axial ratio is less than 1.0 dB across the complete operating frequency band, 


4.5.  Teolation 


The isolation between the transmit and receive chunnela iv achieved by the tuning disk at the vertex of the sub- : 
reflector. The disk diameter and location have been experimentally developed to yield the beat overall isolation ; 











characteristics. The measured values all exceed the requirement of 20 dB, Figure 10 shows the effectiveness of the 
disk on the transmit-receive isolation. 


4.6. Antenna Noise Temperature 


The antenna noise temperature, in degrees K, is calculated from the expression 


T 

A 1 
7! som + T (L-s) 
A LA t Ly 


T A is the antenna noise temperature due to the pattern. 


L A is the microwave losses. 


T is the thermal temperature of the antenna = 290°K. 


t 
T, is first determined by dividing the antenna pattern into sectors and multiplying the temperature of the source 
which the sector is directed at by the percentage of energy contained in each sector, The sum of the individual 


temperature contributions yields the antenna temperature due to external sources. Table II shows the pattern break- 
down and calculation of T, for an elevation angle of 7.5 degrees. From the table, T, is 53.4 K. 


The microwave losses have been measured at 0.6 dB maximum and the resultant computation of T yY gives an 
antenna noise temperature of 83. 6°K. 


5. CONCLUSION 


A successful modification has been accomplished to an existing airborne antenna which required an increase in 
the average power-handling capabilities from 2 kW to 12.5 kW at X band. The basic ‘design of the antenna and micro- 
wave layout was unchanged and all of the original specifications were met or exceeded. The modified design resorted 
to neither liquid nor forced-air cooling to dissipate the additional heat load. Instead, acceptable component tempera- 
tures were achieved by reducing the RF insertion loss and increasing the thermal efficiency. Finally, a new dual- 


channel rotary joint was developed for this program, featuring extremely low loss in both the transmit and receive 
channels. 
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TABLE I. ANTENNA PERFORMANCE 


Parameter Specified Value Measured Value 


Frequency 7.25 ~ 8.4 GHz 7.25 - 8.4 GHz 

Gain > 32 dB > 32.5 dB 

Polarization Xmit RHCP, Rev LHCP Xmit RHCP, Rev LHCP 
Axial Ratio <3 dB <1.0dB 


Beam Shape Symmetrical Symmetrical 
Sidelobes <-12 dB <-14dB 
VSWR <1.5 < 1.35 
Losses <0.6dB <0.5daB 
Power Handling 12.5 kW avg. 12.5 kW avg. 
Tsolation 20 dB >20 dB 
Antenna Noise Temperature 92°K 83. 69K 





TABLE 11. COMPONENT TEMPERATURE, ASSOCIATED 
DISSIPATION AND CONDITION 


Component Dissipation - watts (724 watts total) 


Gyros 6.5 Finned Waveguide 50.0* 









Az Motor 1.0 El Rotary Joint 83.0* 
El Motor 30,0 Long Waveguide 60. 0* 
Slip Ring 2.0 Az Rotary Joint 112. 0* 
El Synchro 1.5 Feedhorn 10. 0* 
Az Synchro 1.0 Polarizer 50.0* 






* 
at 15°F, with loss (dB) linearly varying to a 30% increase at 400°F. 








Assumed Conditions 





Radome RF Heating, watts 
Ambient Temperature -F 
Altitude, ft 

Cabin Temperature °F 
Cabin Pressure Altitude 
Aircraft Airspeed (Knots) is 
Radome Thermal Resistance, F/BTU/HR 
Radome Thermal Absorbance 

Radome Thermal Emissivity 
















Temperatures °F for the Assumed Conditions 


2kW 
Components A 





Location (see Figure 7) 





Radome Apex 

Radome Air 
Feed/Polarizer 
Transmit Elevation RJ 
Transmit Waveguide 
Az Rotary Joint 

Az Rotary Joint 

Az Rotary Joint 
Receive Waveguide 
Receive Waveguide 
Gyros 

EI Motor 
Az Motor 
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TABLE 01. ANTENNA TFMPERATURE DUE TO THE PATTERN 


Pattern Section 


Main Beam . 
-3.5 to+3.5 

i Sidelobes up 

+3,5° to +8° 

t Sidelobes down 

| -3.5° to -8° 





Sidelobes up ” 
+8 to +30 
Sidelobes down 
-8 to -30 

Sidelobes up 
+30° to +60° 
: Sidelobes down 
~30° to -60° 
Sidelobes uP 
+60 to 90 
Sidelobes down 
-60° to -90° 
Backlobes up 4 
+90 to +180 
Backlobes down 
-90° to -180° 


TOTAL 








a 


Figure 1. SHF High Power Airborne Communications Antenna 
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MAIN REFLECTOR COMPONENT LOSSES IN d8 ARE 


FOR BOTH THE 2«W SYSTEM AND 


0.0003 {0,0003) dB 


0.008 (0,006) a8 





DUAL 
MODE 
TRANSOUCER 


je -—— 0.06 (0.04) du 


0.02 (0,02) ¢6 
0.02 (0,02) 4B 


0.18 (0,16) dB 








RECEIVE 
ROTARY 


0.16 (0,08) dB 
JOINT 


0.06 (0.04) d8 








DUAL 
CHANNEL 
ROTARY 


0.06 (0.06) dB 





0.6 (0.1) 48 JOINT 0.18 (0.10) dB 
r RECEIVER TRANSMITTER od 
a Beers He Se el 
Figure 2. SHF Antenna Block Diagram 
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CIRCULAR POLARIZER 


WAVEGUIDE 


—t— Scenics 


ROTARY JUNCTION 


POLARIZER 


TMpy EXCITER TE1) EXCITER 


NON - ROTATING 
SECTION ° 
TRANSMIT RECEIVE 


REFLECTION - ABSORBING LOAD 


Figure 3. Block Diagram of Dual Channel] Rotary Joint 


SHOWN AT AMBIENT TEMPERATURE 


THE 12.5 kW SYSTEM (IN PARENTHESES) 
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Figure 5, Feedhorn 
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Figure 6. Basic Construction of Dual Mode Polarizer 





Figure 4, Thermocouple Location for Thermal Analysis of Antenna 
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Figure 8, SHF Antenna Contour Pattern 
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Figure 9, Measured Data, SHF Antenna 
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MEASURED DATA 


T-R ISOLATION - dB 


7.2 1.6 7.8 8.1 
FREQUENCY - Ghz 


Figure 10. SHF Transmit-Receive Isolation 
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DISCUSSION 


M. VOGEL: Even for high isolation between transmit and receive channels, many watts of 
cw power will leak into the receive channele Does this pose any problems? 


_F.P. GRABOWSKI: During transmission, energy coupled from the transmit channel to the 
receive channel is reflected back towards the feel horn by filters protecting the receivers. 


This coupled sneney is reradiated by the feed in the opposite sense circular polarization 
which has a slight degrading effect on the axial ratio of the transmitted signal. Measured 


transmit axial ratios with the receiver part short circuited are lesa than 1.5dm 
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PROBLEMES D'ANTENNES POSES PAR LE PASSAGE EN BANDE S 
DES TELEMESURES 


M. NICOLAS et C. MAST 
ELECMA, 22 Quai Galliéni, 
92150 SURESNES - FRANCE 


RESUME. - 


Le passage en bande S des télémesures nécessité par l'encombrement de la 
bande VHF pose de nouveaux problémes pour les antennes sol et bord. Au sol, une augmen- 
tation de gain est nécessaire ; l'étroitesse des faisceaux impose une poursuite plus 
précise. A bord, le rayonnement est trés perturbé par le corps de l'engin et sa 
rotation éventuelle. 


On décrit les principes retenus pour des artennes sol, bande S, A poursuite 
automatique, et on donne des exemples de réalisation. Les antennes sont du type 
réflecteur parabolique et source monopulse. Les signaux d'écartométrie sont traités de 
fagon a fournir un signal composite analogue 4 celui délivré par un dispositif de 
balayage cénique. Le récepteur de poursuite est ainsi particuliérement simple. 


On donne également un exemple d'antenne sol recevant simultanément les 
deux bandes, S et VHF. 


Enfin, on décrit une antenne d'engin, constituée d'un réseau circulaire de 
fentes rayonnantes, fournissant un diagramme indépendant de la rotation. 


1.- INTRODUCTION. - 


Les télémesures pour les essais d'avions et d'engins abandonnent 
progressivement la bande 215-260 MHz au profit de la bande S (2300 MHz). Cette 
évolution est imposée par l'encombrement croissant de la bande VHF. Elle permet de 
plus une augmentation du volume d'informations transmives. 


Le passage en bande S pose de nouveaux problémes, autant pour les 
antennes sol de réception que pour les antennes bord. 


2.- PROBLEMES POSES PAR LE PASSAGE EN BANDE S.- 


Une augmentation de fréquence toutes choses égales d'ailleurs, entraine 
une dégradation des bilanms de liaison. Ceci doit étre compensé par une augmentation 
du gain des antennes et, notamment, de l'antenne de réception au sol. Celle-ci est 
donc d'assez grandes dimensions, et doit, par ailleurs, étre réalisée avec une 
meilleure précision mécanique, du fait de la réduction de la longueur d'onde. 


Ltantenne sol ayant un gain plus Glevé, sa directivité est plus grande, de sorte que 
son pointage dans la direction de l'avion ou de l'engin doit étre réalisé avec une 
meilleure précision et que l'acquisition angulaire est plus difficile Aa effectuer. Un 
systeme de poursuite automatique évolué s'avére indispensable. D'autre part, compte 
tenu de la réduction de la longueur d'onde, le respect des conditions de phase 

impose une réalisation plus précise des circuits d'écartométrie. L'augmentation de la 
précision de poursuite présente toutefois un avantage : l'antenne de télémesure 
pourra éventuellement fournir des éléments de trajectographie. 


En ce qui concerne les antennes bord, la longueur d'onde utilisée étant 
généralement trés inférieure aux dimensions des engins, ie diagramme obtenu est 
essentiellenent variable en fonction de l'implantation de l'antenne. Le probléme est 
d'obtenir un diagramme aussi régulier que possible, assurant un gain sensiblement 
constant dans la direction de l'antenne de réception. Un cas particuliérement fréquent 
et difficile est celui des engins en rotation. 


Enfin, le passage de la bande VHF 4 la bande S s'effectuant progressive- 
ment, il est nécessaire de pouvoir assurer, pendant plusieurs années, l'utilisation 
simultanée des deux bandes. Ceci a conduit, notamment, a la réalisetion d'tantennes 
sol recevant les deux bandes de fréquence. 


3.- PRICINPES RETENUS POUR LES ANTENNES SOL : EXEMPLES DE REALISATION, - 


2 


Le gain élevé exigé des antennes de réception au sol en bande S a conduit 
a utiliser des réflecteurs paraboliques de grandes dimensions. Les figures 1, 2 et 3 
montrent des exemples de réalisation : 


» CYCLOPE II (figure 1) est dotée d'un réflecteur de 18 métres de diamétre. 
Le gain maximal en bande S est de 48 dB. 


- ANTARES I (figure 2) est dotée d'un réflecteur de 4 métres de diamétre. 
Le gain maximal en bande S est de 35 dB. 


» ANTARES II (figure 3) est dotée d'un réflecteur de 2 metres de diametre. 
Le gain maximal en bande S est de 24 dB. 7 
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La source primaire est. composée de quatre éléments identiques, disposés 
en losange, permettant d'élaborer les signaux d'écartométrie, différence site AS, 
différence gisement AG, et somme £ nécessaires A la poursuite automatique de l'engin. 
Le systéme retenu consiste A moduler le signal £ par les signaux AS et AG affectés 
d'une modulation de phase périodique. On obtient ainsi, par un procédé statique, 
l'équivalent d'un balayage cénique qui serait obtenu par rotation d'une source primaire 
unique autour de l'axe du réflecteur. Par rapport 4 un monopulse d'amplitude classique, 
cette solution présente l'avantage de ne nécessiter qu'une seule chaine de rgception de ! 
poursuite, au tieu de trois. Par rapport au balayage cénigque obtenu par rotation de la : 
source primaire (solution adoptée dans une version antérieure de CYCLOPE II), les 
problémes mécaniyues sont éliminés, et notamment, le joint tournant qui contribue en 
général fortement 4 limiter la fiabilité de 1'ensemble. 


{ 
{ 
| 


La figure 4 donne le principe du systéme d'écartométrie. Les deux signaux 
différence 4S et AG sont modulés en phase, O -il, par deux signaux a 500 Hertz en 
quadrature de phase, puis additionnés au signal somme = , prélevé aprés préamplifica- 
tion. On obtient ainsi un signal composite, analcgue 4 celui que fournirait un 
balayage cénique, dont ot extrait les informations erreur site et erreur gisement 
par détection synchrone a l'aide des signaux de référence de modulation site et 
gisement. 


Les modulateurs 0 - [1 réalisés en circuit triplaque, utilisent des longueurs 
de ligne et des commutateurs a4 diodes P I.N. 


Les éléments rayonnants sont du type "dipéle croisé", permettant la 
réception simultanée en polarisation circulaire droite et gauche. Ils sont placés en 
avant d'un plan réflecteur, derriérs lequel eat situé l'ensemble des circuits hyper- 
fréquences en bande S et, notamment, les circuits d'écartométrie. 


Le tableau ci-dessous donne les principales caractéristiques de différents 
modéles d'antenne sol an bande S qui ont été réalisés par ELECMA : 


| TYPE D'ANTENNE ANTARES I |ANTARES II 





CYCLOPE II 












Diamétre du réflecteur 
paraboliqus 







Gain 


Rapport d'ondes station- 
naires dans la bande 
2180-2310 MHz 







Largeur A 3 dB du lebe 
principal 











Niveau des lobes secon- 
daires par rapport au loke 
principal 





<-20 @B 






Taux d'ellipticité (polari- 
sation circulaire droite 
et gauche) 







Précision de poursuite 
(erreur quadratique 
moyenne ) 







Domaine d'acquisition 






La largeur de bando des é)éments rayonnants est suffisante pour vermett.e 
éventuellement la réception, & l'aide d'antennes de types ANTARES, de la bande 1750- 
1860 MHz, quelquefois utilisée simultanément avec la bande 2180-2310 MHz. 


L'antenne CYCLOFE II permet de recevoir égaiement la bande VHF 215-260 MHz. 


4.- RECEPTION SIMULTANEE DES BANDES S et VHF.- 


Ltantenne CYCLOPE II permet la réception des signaux de télémesure dans 
les deux bandes 2180-2310 MHz eat 215-260 MHz, le poursuite automatique #'effectuant 
sur l'une ou l'autre des bandes de fréquence. 


Ceci est obtenu en utilisant une source primaire constituée de quatre 
éléments en bande VHF (figure 5). Les éléments rayonnants sont au type dipéle croisé, 
permettant la réception en polarisation circulaire dioite et gauche. Les quatre 
dipéles fonctionnant dana la bande S sort disposés aux sommets d'un carré et placés 
devant un réflecteur plan de 200 mm de diamétre. Les quatre dipéles foncticnnant en 
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bande VHF, également disposés aux sommets d'un carré, entourent la source en bande S ; 
ils sont placés devant un réflecteur plan de 1,80 métre de diamétre. Les plans réflec- 
teurs des deux soul'ces sont séparés afin d'obtenir un centre de phase aussi voisin que 
possible du foyer du réflecteur parabolique dans les deux bandes de fréquences 3; on 
évite ainsi les pertes de gain par défocalisation. Il est 4 noter qu'une solution da 
type Cassegrain, qui a été envisagée, n'offre pas d'intérét car les conditions géomé- 
triques correspondant aux deux bandes sont trop différentes pour pouvoir donner lieu 

& un compromis valable. Dans la solution adoptée (sources primaires au foyer du réflec- 
teur parabolique), le point critique est le masque important créé par la source en 
bande VHF, qui détériore les performances en bande S, notamment le niveau des lobes 
secondaires. 


Le systéme d'écartométrie est identique dans les deux bandes. Il fonctionne 
selon le principe de pseudo balayage cénique décrit au paragraphe 3. 


Le tableau ci-dessous récapitule les principales performauces de l'antenne 
CYCLOPE II dans les deux bandes de fréquence : 


‘ 215 - 260 MHz 2180 - 2310 MHz 
Bande de Fréquence (bande VHF) (bande S 


Rapport d'ondes station- 
naires 


Gain 


Largeur a 3 dB du lobe 
principal 


Précision de poursuite 
(erreur quadratique 
moyenne ) 


Domaine d'acquisition 


Niveau des lobes secon- 
daires par rapport au 
lobe principal 





5+ ANTENNE BORD : exemple d'antenne A caractéristiques indépendantes de la rotation. 


ELECMA a effectué, sur marché D.R.M.E., une étude théorique et expérimentale d'une 
antenne emburquée sur engin dont les caractéristiques de rayonnement sont insensibles 
4 le rotation. 


L'antenne consiste en un réseau circulaire de sources rayonnantes alimentées en équi- 
phase et équiamplitude. Le choix du type d'élément rayonnant a été fait en fonction 
des conditions suivantes : 


- l'antenne doit présenter une épaisseur trés faible afin de pouvoir é6tre plaquée 
& la peau de l'engin, 


- Je diagramme de rayonnement obtenu doit étre quasiment omnidirectionnel, avec un 
trou aussi réduit que possible dans l'axe de l'engin. 


Il est apparu que le type d'élément rayonnant le mieux adapté était une fente taillée 
sur l'une des faces d'une ligne triplaque, disposée symétriquement au ruban central de 
la ligne. La fente a une longueur d'environ A/2 et une largeur de A/10 (A étant la 
longueur d'tonde) et fonctionne en mode résonnant. 


L'antenne étant implantée sur une partie cylindrique de l'engin, les fentes 
peuvent é6tre disposées selon les génératrices du cylindre, ou perpendiculairement aux 
génératrices. I1 apparaft que la disposition perpendiculaire aux génératricsas e:t 
préfirable car elle fournit un diagramme de rayonnement présentant un trou moins important 
dann ‘'axe de l'engin. 


Le nombre d'éléments rayonnants constituant l'antenne est fonction du 
diainétre du corps se l'engin et du taux d'ondulation que l'on tolére sur le diagramme 
de rayonnement dans ui plan pervundiculaire a l'axe de l'engin. A diamétre donn le 
taux d'ondulation est d'autant plus faible que le nombre d'éléments est grand. 


Les principales caractéristiques d'une antenne de ce type en bande S 
seraient par exemple les suivantes ; 


- bande de fréquence > 2188 - 2230 MHz 
+ puissance admissible : 15 W 
- rapport d'ondes stationnaires : x 2 
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| - céne de silence dans l'axe de l'engin : 10° & -10 dB 
| « taux d'ondulation : < + 3 dB i 
« polarisation rectiligne. 
- é6paisseur maximale de l'antenne : 10 mm ‘ 
ee sur un engin d'un diamétre de 550 mm (environ 4 longueurs 


Pour obtenir un taux d'ondulation inférieur 4 3 dB, compte tenu du 
diamétre de l'engin, il faut au minimum 15 éléments rayonnants. Pour des raisons de 
commodité d'alimentation, on choisit plutét 16 éléments. Les 16 éléments, qui sont des 
fentes sur ligne triplaque 4 diélectrique verre téflon, sont alimentées en paralléle 
au moyen d'un répartiteur de puissance, également réalisé en technologie triplaque. ‘ 


Si la longueur de la partie cylindrique du corps de l'engin sur laquelle ; 
est implantée Z'antenne est supérieure 4 environ 8 longuevrs d'onde ( 1100 mm), 
l'antenne étant située au milieu, le diagramme et notamment ia largeur du céne de 
silence dans l'axe de l'engin ne dépendent pratiquement pas de la forme des extrémités 
du cylindre. 


Les résultats théoriques ont été vérifiés a l'aide d'une maquette de 
200 mm de diamétre, l'antenne comportant 8 éléments rayonnants (figure é). Les : 
diagrammes de rayonnement relevés dans un plan passant par l1'axe de l'engin et dans 
un plan perpendiculaire 4 l'axe sont donnés figures 7 et 8. 
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FIG. 1 : ANTENNE CYCLOPE II 
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i FIG. 3 : ANTENNE ANTARES II 
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FIG. 4 : PRINCIPE DU SYSTEME D'ECARTOME TRIE 
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DISCUSSION 


J.-F. GOBERT: 1. Est 11 possible de poursuivre l'engin a partir du sol quand la 


polar{sation varie? 
2. Pouvriez vous utiliser un mode de poursuite autcmatique, par example du type 


"@iversité''? 


C._ MAS: La polarisation de l'onde recue varie effectivement dans le temps, en fonction 
notamment de l' attitude de l'engin. Les*anternes au sol presentees permettent la reception 
dans les deux polarisations circulaires inverses. La réception du signal de télémesure 
(voile "sgommet') se fait systématiquement en diversite de polarisation. La poursuite 


automatique est effectuce dans l'une ou l'autre des polerisations, par commutation 
Actuellement, cette commutation ne se fait peas de fagon automatique, mais en passant en effet 


etre envisage. 
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RADIATION CHARACTERISTICS OF H¥ NOTCH AERIALS INSTALLED IN SMALL AIRCRAFT 


by 


N. A. D. Pavey 
Royal Airoraft Establishment 
Farnborough Hants 
England 


SUMMARY 


The radiation oharacteristios of HF notch aerials in small aircraft are analysed for the band 2 to 
10 MHz. Radiation ocours in two main modes; a magnetic dipole mode resulting from the high locel RF ; 
ourrents flowing around the notch, and an electric dipole mods resulting from longitudinal RF currents 
in the fuselage. 


A procedure is given for the estimation of the radiation efficiency of an aircraft notob aerial, 
It is shown that high radiation efficiencies may be realised at frequencies near the airoraft electrical 
resonance, typically 10 MHs, but that a rapid reduction of radiation efficiency occurs at lower frequen- 
ofes. A radiation efficiency of less than 0.1% at 2 MHz is to be expected for many airoraft notch 
aerials, 


1. INTRODUCTION 


HF notch aerials and allied serials which are contained physioally within the airoraft structure 
are usually much more attractive to aircraft designers than alternative possibilities, For example wire 
aerials have the disadvantages of an exterior structure, while insulated tail-cap aerials present 
awkward high-voltage insulation problems, 


Early work on the application of notoh aerials to HF communications systems in military aircraft 
was carried out at RAE by CARY, R.H.J., 1952 and JOHNSON, W.A., 1955 , and a subsequent paper by 
TANNER, R.L., 1958 is an important contribution to the understanding of radiation from atroraft- 
inetailed notch aerials, A prine objective at that time was the realisation of high radiation efficien- 
cies, usually several tens of per cent, Tanner showed that in practioal airoraft installations such 
efficiencies may be achieved only if strong coupling exists between the notch and the airframe, ie the 
predominant source of radiation is the RF current distribution over the whole airoraft, Furthermore he 
showed that adequate notch/airframe coupling could be achieved at HF using a lerge notoh serial at a 
good site on a large airoraft. More recently HF notch aerials have been employed in small airoraft; 
Negi illustrates a typical tail-fin installation, It has been realised for some years that such 
installations offered low radiation efficiencies at the low end of the HF band, but little basio work 
appears to have been carried out on the problem, It 4s the purpose of this paper to examine radiation 
mechanisms and to establish a procedure whereby reasonable estimates of the achievable radiation 
efficiency may be obtained from a knowledge of the notch and airframe geometries. 


As part of a more general study, radiation patterns of scale models of small afroraft with tail- 
fin notches have been measured; Fig 2 10 a typical example at the low end of the HF band. Two radiation 
modes may be identified, both of which contribute significantly to the total radiation. The vertically 
polarised mode is oharacteristio of a magnetio dipole, and is attributed to the high RF ourrent which 
exists in the immediate vicinity of the notch, The horizontally polarised mode is characteristic of an 
electrio dipole and is attributed to longitudinal RF ovrrents in tho asiroraft fuselage. ‘The simple 
nature of these observed radiation characteristios suggests that by aaking simplifying assumptions about 
the electrical characteristics of the notch and airframe it should be possible to arrive at analytical 
expressions which give approximate values of radiation resistance. This is the approach adopted in the 
following text. 


2. PROPERTIES OF A NOTCH AERIAL IN A SEMI-INFINITE SHEET 
2.1. General comments 
The impedance characteristics of a notch aerial in a thin, perfectly conduoting, semi-infinite 
sheet are derived in the following sections, In such a lossless system the resistive component of the 
noteh impedance is its series radiation resistance. The chosen method of analysis is to apply Babinet's 
principle to equivalent dipole radiatore, the properties of which have been investigated extensively, 
Provided that there are some constraints on notoh geowetry, this analysts leads to simple equations 
whioh enable the general properties of notoh aerials to be understood readily, The effects of notch 
shapes and structure thickness are discussed subsequently. 


2.2. Properties of dipole radiators 


Inforsstion on the impedance propertias of dipole radiators (Fig 3) is esployed extensively in 
this paper, A general equation for the impedance at the centre of a dipole is too complicated to be 
useful here, but a great simplification may be effected (CARTER, F.S., 1932) for lossless eleotrically 
small dipoles of limited thickness (say a total length of not more than a quarter-wayelength and a 
length-to-diameter ratio of not lesa than 10:4). Thuss 
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Bo" + Sx, (1) 
= 20(ka)* ~ 31207, jee (2) 
where = radiation resistance 
x, = reactance 
k = aA 


2a = dipole length 

ad s dipole diameter 

A = wavelength 

F, = log ha/det 
Tables of serial impedance are available for thiok dipoles (KING, R.W.P., 1974). Examination of Eq (2) 
shows that the equivalent cirouit of an eleotrically small lossless dipole is a resistance whose value is 
proportional to the square of its eleotrical length in series with ea capacitance of fixed value, The 


aye ¥, is determined only by the dipole geometry; for a length/diemeter ratio of 40, y, = 2,.0.Froa 
Bg (4 


Ix,[/e, = 6%,/(ea)? (3) 


Regarding the dipole as an electric oirouit element, this quantity may be regarded as its Q faotor, and 
the strong dependence on wavelength may be noted. As an illustrative example, for a dipole which is j/10 
longa Q faotor of over 300 is obtained. Generally, for electrically small aerials 


Ix, I’, | (4) 


A planar dipole (Fig 3b) of negligible thickness and width w may be treated as an equivalent cylindrical 
dipole of effective diemeter w/2 (JASIK, H., 19%). 


2.3. Properties of eleotrically small slot aerials 


Babinet's prinoiple (BOOKER, H.L., 1946) may be employed to determine the admittance of a slot in « 
thin, perfectly conducting, infinite sheet (Fig 4a) from the impedance of its complenentary planar dipole 
(Mg 3b), and the following expression is obtained: 


(r, + 3x, )/(6, + Sb,) = BA (5) 


where 65 * shunt radiation conductance of slot 
by = shunt susoeptance of slot 
2, = wave impedance of free space 
= 377 oka. 


Bquation real and imaginary parts 
2 
r,/8, 2s x,/>, a 2 /h (6) 


Inspeotion of Eqs (5) and (6) and reference to 3q (1) shows that an electrically small slot, compared with 
a half-wave slot, possesses a low shunt radiation conductance and a high negative shunt susceptance. The 
equivalent oiroult (Fig 4b) is a lossy inductance. 


2e4¢ Properties of electrically small notoh aerials 


Suppose that a thin cut is made in the infinite sheet containing the slot, perpendicular to the 
slot major axis, so that the slot and feed are bisected. Since no electric current flow lines have been 
intercepted there is negligible perturbation of the aerial system and consequently negligible perturba- 
tion of its radiation pattern and impedance properties. 


let one half of the aerial system be removed, leaving a notoh aerial in a semi-infinite sheet 
(Mg 5a). It is to be expected that the radiation patterns of the notch aerial will be considerably 
different from those of the slot, due to the removal of a major conducting boundary containing a redietor. 
However, apart frou minor fringing field effects at the feed points, it appears reasonable to assume that 
the removal of the half=sheet will not result in a radical redistribution of the ourrent in the remaining 
half-sheet. Assuming that for practical purposes the sheet ourrent distribution around the notch is 
negligibly different froa that of the corresponding slot, the admittance of the notoh is taken to be half 
that of the slot, Further discussion on this point is given in later seotions of this paper. 


Reforring to Eq (5) 
2 
y = 6+ Jb = $(g, + Jb,) = 2(r, + jx, )/20 (7) 
where g = radiation conductance of notch aerial 
b = susceptance of notch aerial. 


Provided that the length-to-width ratio (a/w in Fig &4(a)) 18 not too small, and from the disoussion in 
section 2.2 this would mean e/w not less than 2.5, the values given in Eq (1) may be substituted in 
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Eq (5). Bquating real parts end imaginary parts, 


g = %,/te = 40 (ka) /22 (8) 

— ~2x,/22 = =2,08/ca22 (9) 
where w/2 has been substituted for d (see sestion 27.2) and 

F = log 8a/# -1 (10) 
As a particular example, for a/w= 2.5, P= 2.(, giving 

d = 480/ca2? (14) 


As in the case of the eleotrically smail clot, an electrically smal) notch regarded as a olrovit 
element is a lossy inductance, A useful parameter is the Q factor, which is given by 


Q = [b/s] = 68/(Ka)? (42) 
This nay be compared with Eq (3) for a dipole, and as before and it may be noted that Q ic proportional 
to (\/a)3. As an illustrative example, put a/w = 2.5, a = im andi = 100m, which gives a Q factor of 
5 . 10% for a lossiass notoh, 
A very important parameter is the equivalent series radiation resistance which is given by 


ra gf? (13) 
with negligible error, Frou Eqs (6), (7), (8) and (41) 


r= (ka)*22/Annor® (44) 
= 4.5% 2 407 at tp? (15) 

If Fe 2 es before, then 
r = 3.85.10" (aA)* (16) 


The fourth~power law dependence of the radiation resistance on frequency may be noted, compared with the 
square-law dependence for a dipole (Eq (2)). 


2.5. Current loop model of a notch aerial 


The series radiation resistance of an electrically small single turn loop aerial in free space 1s 
given by:~ 


r, = 320 # ash" (47) 


where rs = loop radiation resistance 
As z loop area. 
The form of &q (17) is very similer to that of Eq (15), which suggests that from the radiation resistance 


aspect a noteh msy be treated as a current loop having an equivalent area Ay which is determined by the 
notoh geometry, Thus 


A, = 2.23 a°/F (18) 
Taking the same illustrative exemple as vefore, putting a/w = 2.5 and F = 2, 
2 
AL = 1645 0 (19) 
or 
A, = 2.88 (20) 


where A is the area of the notch, 


This res:'t is intuitively satisfying. When a “otch aerial jin a thin sheet is excited, surrent 
olroulates arc....i the notoh and there is a close similarity with the lcop aerial oase, Moreover since 
the currents 1 .w outside the cut-out area it is to be expected thet an equivalent loop would le larger 
than the -stoh cut-out, It may ulso be noted that the effective radiating area of an eleotrioaily small 
notoh asr.al i» invariant with frequency, 


2.6, Notoh aorial in a thick sheet 
In preoctioal airora™t installations notch aerials are cut into aerofoil sections which may be of 


considerable thiskuwess, Tu enalyse such oases {t is firstly necessary to determine tha general vroper- 
tits of a noteh cut in a semi-iufinite sheet of finite thickness. 
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Consider such a notch fed at its extremities with an RF power source. Ourrent will Mow both 
externally on the surface of the sheet and around tho internal surface of the notoh, It is reasonable to 
suppose that the RF current distribution on the surface of the sheet 18 not perturbed signifMoantly by 
the current on the inner aurface of the noteh. Accordingly the total admittance of a notch in « thick i 
sheet is taken to be the sum of the aduittance of a similar notch in a thin sheet anc the adsittance i 
presented by the inner surface of the thick nctch. Thus 





6, + Jb, = 6 + db +6, + Jd, (21) 
where 6. + dbs = admittance of thiok notoh 
&, + Jb, = adulttansce of inner surface of thiok notch. 


The equivalent seri:s radiation resistance rs is givan by 
2 
re = (6 +6) / (b+ b,) (22) 


As an illustrative example of the effects of the sheet thickness, let b = be so that the internal and 
external notoh RF ourrants are equal for practical purposes, The effective ‘radiating area of the 
internal RF current cannot exceed the side-projected area of the notch (and is likely to be somewhat less 
ee a enrane effects are considered). For the case considered in 2.5, (a/w «= 2.5), we have froa 

Eq 13 ? 





(6 + 6,) 2 
ayo. eek : b 
8 (b + b,)* ac 
ae = a 0.278 (24) 


sinoe radiation conductance is proportional to (effective radiating area)®, It may be seen in this case 
that there is a drastic reduction in radiation resistance (a factor of 3,6), corresponding to a new value 
of effective radiating area of 1.54. It is evident that the thickness of the structure supporting the 
notch should be kept to a minimum, 


In practical notch aerial systems the inductance L may be measured, Then from Eqs (8) and (13), 
r= 40 (a)? (wt)?22 (25) 


As an illustrative example, measurements which were made on an experimental notoh aerial of 1 metre 
length and 0.4 metre width in a stsucture of approximately 15 om thickness gave a netoh indiotence of 
sian oe 0.7 microhenries (NEW, C. and SHARP, T.W., 1966). Substituting in Eq (25) and putting 
“, 2 3.10" m/sec, 


re 19,500/r* ohus (26) 


and comparing with Eq (17) the effective eros A, of an equivalent loop radia’ r is 
a 


A, a 79 0° (27) 
or A, a 2.0 A (28) 
where Ais the side-projected aren of the notoh. 


Compared with the theoretioal value of 2.84 in Eq (20) for a similar notoh in a thin sheet this 
shows a reduction in effective radiating area by a factor of 1.4. Thus this experimental evidence does 
indioute that the thickness of the structure is a significant factor in determining the effective 
radiating area of a notch aerisl, It may be noted that at 2 MHz the radiation resistence of the notch 
serial just considered is 38 microhms when radiating in a current loop mode. 


3, PROPERTIES OF A NOTCH AERIAL IN A FINITE RECTANGULAR PLATZ 
3.1. Admittance characteristics 


Consider tha radiation characteristios of a thin lossless rectangular plate containing a notoh 
acrlal (see Fig 6); this may radiate in both magnetio and electric Upole modes and this resembles the 
aircraft case. As a model of an alroraft it is over-simplified, but the analysis leads to sispls 
expressions for radiation resistance which illustrate the dependence of radiation resistance on frequency 
which 1a to be expected from airoraft noton asrials. 


Applying the analytion] treatuent of TANNER, B.L., 1958 the edmittance % at the terminals of 
the noteh is given by 


% * y+Wy, (29) 
where y = ne“sh aderittance 


yy * admittance of rectangular sheet radiating in a dipole sode 
Ks a real dimensionless coupling factor. 
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Bq (29) staten that the input admittance of the notoh/plate combination is made up of two 
components. The first of these is simply the adaittance of the notch from Bq (7), which is assumed to 
be affected only slightly by the linited sise of the plate, The second term is the dipole admittance, 
as seen at the plane of the slot, multiplied by the coupling factor. For the airoraft notch serials 
considered here the values of K are less than 0.1, and Tanner's results reduce to 


where a = slot length 
h = plate width. 


3.2. Centrally sited notoh in a rectangular plate 


For a centrally sited notch aeriai in a rectangular plate of length ¢ and width h, the impedance 
of the plate regarded as an electrically amall dipole may be obtained from Eq (2), subject to the same 
constraints on length/width ratio, Putting the diameter of an equivalent oylindrioal dipole equal to 
half the plate width, 


#, =m, + dn, = 5 (ke)* = Jono FL /ke (31) 
where F, = log béfn = 4 (32) 
The corresponding admittance y, ia given by: 
yy = t/t, = 5i(ke)* - 32n0 v, ke} = {25 (ee)® + 2407 97} (33) 
For an eleotricelly smali plate the denominator term in (xe)® may be neglected so that Eq (33) becomes 
(\ ,) 
71" 445 10" re to, a 


Mg 6b shows the equivalent olrovit of the total radiating system; the admittance of this system may be 
determined from Eq (29) as follows:- 


% = y+ BY, 
2 4 
= ACs). d2h0F , Kiel. sk ee (35) 
a Ka a 1.15 10 Fo 24.0 F, 
where y is obtained from Eqs (7) to (10). For frequencies well below the natural resonance of the 
airframe the last term of &q (35) is negligibly small, 
Writing Ye @ Be + db (36) 
2 4 
Be = 40 (ka) K (ke 37 
6 2 + At, (37) 
1.14510" F 
w 2 
é 
bg = Wh0R/ka Ze (38) 


An important purameter is the corresponding series radiation resistance r, which is given with 
negligible error by 
2 
'%, * 6,/% (39) 


yh 


bo ch 
(ka)* -? Kho 


uo pe 8 10 FE 


(40) 


The first term (which iu identical with Eq 14) is the component of the radiation resistance dus tc th 
RY current oiroulating around the notoh whion radiates in a current loop mods, and Its value hes an ce 
dependence, The second term is the component of the radiation resistanos due to the RF ourrent flowing 
longitudinally in the rectangular plate and its walue has an f° dependence; this radiates in an 
electric dipole mode. 


As af illustrative example, put 


= 1 setre 
x ¥, ws 2,0 


15 metres 
= 0,067 
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Mg 7 shows these radiation resistances as a function of frequency. In the region of 2 MHz the ; 
current loop mode is predominant, while at 3.0 MHs the contributions of the two modes are equal; for i 
higher frequencies the electrio dipole mode is predominant. The very low values of radiation resistance : 
may be noted. : 
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3.3. Asymmetrical notch in a rectangular sheet 


To enalyse the case of a rectangular sheet containing an asymmetrically sited notoh it is necessary 
to determine the impedance of the sheet regarded as a dipole which is driven at the site of the notoh. 
An approximate method which is adequate for the purposes of this paper is as follows: 


Suppose that the notch is sited at a distance &, from one end of the plate, and &, from the 
other so that: 


és @ 


4 * 2, (42) 


Consider next two dipoles of lengths 26, and 26, respectively, An approximate formuia for the impedance 


of the asymmetrical dipole is that it is equal to the mean of the inpedances of these two dipoles 
(KING, B.W.P., 1950). 


Although the impedance is different from the symmetrical case, it is to be expected with an 
sleotrically small asymmetrical dipole that the radiation resistance will have a square law dependence 
with frequency and that the reactive component may be represented by a copacitor. Accordingly the 
general fora of the impedanve will be sintlar to Eq (35), leading to an equation for the radiation 
resistence which is of similar form to Eq (40). 


4. AIRCRAFT H¥ NOTCH AERIALS 
4o4- Batimation of radiation characteristios 


A commonly employed notch aerial site is the base of the tail-fin (see Fig 1), and most of the 
following disoussion refers to this cuse. A main objective is the determination of the radiation 
resistance referred to the notoh terminals at frequencies near and below the first electrical resonance 
of the aircraft, The radiation efficiency may then be derived from a knowledge of the ‘uning unit 
characteristics, 


The procedure is based on the discussion in Section 3 of this paper, and it is accordingly necessary 
to determine the following parameters. 


(4) The impedance which may be attributed to the notch radiating in a ourrent loop mods. 


(44) The impedance of the airoraft radiating in a longitudinal dipole mode as seen at the 
notch position, 


(411) The notoh/airfrane coupling factor. 


Initial rough estimates of these parameters may be made from a knowledge of the notch and airfrane 
geometries, More acourate information may be obtained from impedance and radiation field measurements on 
& mock-up notoh, by impedance and radiation pattern msasurements on a scele saodel and by vomputer 
modelling. It is planned to report separately on experimente] techniques. 


4.2. An illustrative vxaaple 
The example chosen is shown in Figs i and 8, and the following values have been chosen as typical. 


Noteh induotance L = 0,6 
Bffective radiating area of notoh A = 0,5 
Notoh/airframe coupling factor K = 0,05 


The notoh impedance is given by 


2 = 3208" apr’. jal (43) 


Referring to Fig 8, a visual estimate has been made of equivalent monopoles whioh represent the 
electrical properties of the ailroraft stsuoture fore and aft of the notoh. The impedance of the airfrase 
is taken to be the sum of the impelances of these monopoles, which have been oaloulated uning King's 
tables, Fig 9 shows the radiation resistance and reactance terme of the sirfrane impedence, 


Fig 10 shows the radiation resistance terms as seen at the notoh terminals; the reactive term is 
doainated by the noteh inductive reactance. Assuming that the resistive losses in the esrial system are 
predouinantly conductor losses, they may be expected to follow an approximate Vf law, and a typical 
value at 2 HHs is 0.05 ohms. Using this data the radiation efficiency as a function of frequency ‘és 
given in Fig 11. 
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5. DISCUSSION 


Starting with a knowledge of the aircraft and notch geometries, it is believed that the foregoing 
treatment offers a teans of obtaining rough quantitative estimates of the radiation characteristios which 
are useful for initial design purposes. The accuracy of these estimates may be improved by employing 
data obtained from mock-ups anc models, Clearly many of the simplifying assumptions need more rigorous 
justification, and more experimental evidence is needed; nevartheless experimental results to date are 
in reasonable agreement with the predictions, 





Radiation has been shown to occur in two main modes; a magnstic dipole mode resulting from the high 
local RF currents flowing around the notch, and an electric dipole mode resulting from longitudinal RF 
currents in the fuselage. At frequencies near the natural electrical resoname of the sirframe high 
radiation efficiencies are possible. However the combination of the notch aerial and the electrically 
small airframe results in a rapid reduotion of radiation officiency at lower frequencies. ‘With typical 
sises of notoh in current use, radiation efficiencies of less than 6.1% at 2 MHz are to be expected. 
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Fig.2) Radiation patterns of scale model of aircraft with tail-fin notch 
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Fig.3 Electrically small dipole aerials 
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Fig.4 9 Electrically small slot aerial 
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Sa Notch aerial in semi-in€irite thin sheet 


Sb Equivalent shunt circut 
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Fig.5 Electrically smal! notch aerial 
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Fig.7 Radiation resistance of notch aerial in rectangular plate 
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Fig.8 Electrica! equivalent of aircraft-installed notch aerial 
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Fig.9 impedance of airframe at notch position 
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Fig.10 Radiation resistance of aircraft-installed notch aerial system 
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RESULTS FOR SYSTEM Shui om FIG 1 


Fig.) 1 Radiation efficiency of aircraft-installed notch aerial system 
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DISCUSSION 





J: THRAVES: Would you comment on the efficiency of the choice of your notch position 
with regards to the excitation of body currents (electric dipole mode) in the aircraft? 
Whieh positions are good and which are bad in this respect? 


N.AeD. PAVEY: Ideally the notch should be cut us deeply as possible into the body of the 
aircraft and should be sited near its electrical centre. The base of the tail fin is a 
reasonable choice where the tail fin is large. Notches near the wing roots are to be 
preferred where the tail fin is small, but in this case the direct radiation from the notch 
is horizontally polarized. There are usually serious aircraft structural constraints on the 
size and siting of the notch. 
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HF ANTENNA SYSTEMS FOR SMALL 
AIRPLANES AND HELICOPTERS 


R.E, Deasy 
Antenna Coupler/Filter Group Head 
Telecommunications Equipment Division 
Collins Radio Company 
Cedar Rapids, Iowa 52406 
USA 


SUMMARY 


Basic information is presented to help antenna designers and installers provide optimum hf antenna 
systems on small airplanes and helicopters. This paper covers many of the most typical problems faced 
when installing an hf system on a small aircraft. It is based on experience related to the use of automatic 
antenna couplers in a great variety of installations. Discussion involves practical antenna installation 
considerations rather than detailed antenna theory. 


Wire, shunt/notch, and tuned monopole types of antennas and associated antenna couplers are discussed. 
Important details related to the selection, installation, and successful operation of these antenna systems 
are given. Typical antenna location, size, and configuration are related to aircraft characteristics. 


Three common forms of wire antennas (long wire, inverted V, and short grounded wire) are illustrated. 
Techniques such as rf grounding, bonding, and shielding to eliminate RFI are discussed in detail. Shielded 
antenna feedline techniques (including efficiency considerations) are shown. Voltage-altitude design 
considerations are given. 


Shunt and notch type antennas are illustrated and general details of location, size, and construction 
are discussed. A typical installation is detailed showing RFI considerations. 


A tuned monopole (with load wire) antenna is discussed for applications on small airplanes and heli- 
copters. Typical installation guidelines are given along with details showing RFI considerations. 


1. INTRODUCTION 


The installation of a good hf antenna system on a small helicopter or airplane can present some 
difficult problems. Basic aircraft characteristics (such as speed and size) usually present practical 
limitations which determine the types of hf antenna systems that can be used. Antenna designers must 
recognize the many restrictions placed on the antenna and be knowledgeable in many approaches to 
antenna solutions. Every new design seems to require some unique solutions. This paper describes 
solutions to many of the problems associated with the installation of hf antenna systems on typical small 
aircraft. It is written from the viewpoint of the antenna coupler engineer (at Collins Radio Company), 
and is based on the experience gained from inany such installations using automatic antenna couplers on 
all types of aircraft. 


Large, slow aircraft can use standard long-wire antennas that generally require relatively little 
design consideration. On fast jet aircraft, wire antennas must be designed to be very strong, and many 
mechanical problems must be solved for safe and reliable operation. In the past, probe and tail. cap 
antennas were designed for large jet aircraft to replace wires. Today, si.nt, or notch, type antennas are 
being used on virtually all new designs where wires cannot be tolerated. On small, slow aircraft, wire 
antennas are still being used in a great variety of configurations. 


But, what about the average small airplane or helicopter? What is the best possible (optimum) 
? atenna system configuration for these aircraft? Ideally, the antenna solution should be included while 
the airframe is being designed, but quite often due to cost, schedule, or lack of interest, the hf antenna is 
given low priority. The aircraft designer usually wants the smallest possible antenna that can be tuned 
and system efficiency is too often forgotten. The antenna designer must understand antenna systems well 
enough to bring together an optimum antenna and antenna coupler combination that is acceptabie to the 
aircraft designer. 
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The antenna system discussions that follow are believed to present working solutions to many of 
the problems associated with installations on small aircraft. Of course, these solutions may also be 
applied to larger aircraft. The antenna coupler group at Collins Radio Company endorses the types of 
antenna systems shown. This material is also intended to help the antenna designer, or installer, to 
better understand the capabilities of various types of antenna couplers and the main points concerned 
with their use. The choice of antenna type, size, and configuration is often a practical compromise based 
to a large extent on what equipment is available. It is obviously important that new antennas be made 
compatible with available antenna couplers. The Collins 5485 100-watt hf pa coupler and accessories are ! 
used to illustrate how a standard production unit can be designed to be universal and work efficiently | 
with virtually any kind of antenna. 


= 
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Basic types of small aircraft hf antennas and associated couplers are discussed and examples are 
given. Important installation details such as rf bonding, high-voltage considerations, and vibration are 
covered. The presentation of the material should provide valuable information to the hf antenna designer 
and systems engineer. 


2. HF ANTENNA SYSTEMS 
The hf antenna system is defined in the paper to consist of the following parts: 


a. Antenna coupler 
b. Rf feedline (all rf connections between coupler and antenna) 
c. Antenna (portion of system that excites the aircraft) 


In an optimized system, all of these parts are considered to be important. 


The antenna coupler provides accurate and efficient impedance matching between the radio and 
the antenna. An existing antenna coupler can usually be found for almost any type of antenna installation. 
There are some unique situations that involve very special, or state-of-the-art design, but these should 
be considered as special cases. The antenna coupler must of course be selected to tune the antenna over 
the desired operating frequency range (assumed to be 2 to 30 MHz in this paper). 


The antenna coupler must provide a good 50-ohm load (1.3 to 1 vswr or better is considered 
sufficient) for good, reliable transmitter performance. This low vswr requirement becomes more 
important with the use of solid-state power amplifiers because it is related directly to distortion and 
power output design. In systems where the antenna impedance can change during operation, the coupler 
should have the ability to automatically accurately retune during transmitting. When tuned, the coupler 
also provides a good impedance match from the antenna to the receiver. 


Examples of successful antenna coupler insta’lations are discussed in the sections on antenna types. 


The rf feedline connects the antenna to the coupler. Both the direct connection and the rf ground 
current return path must be considered in feedline designs. Efficiency is an important consideration, but 
the feedline also performs the important function of eliminating hf interference with other systems on the 
aircraft. Examples are given showing rf feedline techniques. 


The hf antenna on a small aircraft basically excites the airframe to produce (or absorb) desired 
radiation of hf energy. This is especially true at the lower hf frequencies where the antenna is much 
shorter than the signal wavelength. Proper locatior of the antenna on the airframe, such as shown in the 
examples, will yield desirable radiation patterns. 


The antenna can be considered as a complex transmission line in relation with the airframe. 
From the viewpoint of the antenna coupler designer, the complex impedance of the antenna indicates how 
well it couples to the airframe. Input reactance is mostly related to antenna dimensions (size, spacing, 
and shape). Input resistance is a close function of how well the antenna couples to the airframe. Aircraft 
electrical resonances show up as input resistance peaks. In general as antenna spacing to the airframe 
increases, antenna effectiveness also increases, 


The antenna system designer should recognize the different antenna coupler configurations for 
different antenna types (as illustrated in the antenna discussions). Three general categories of hf antennas 
for small aircraft are covered. These are as follows: Wire antennas (open end or grounded end), shunt 
(or notch), and tuned monopole with load wire. 


Experience has shown that hf antenna performance does not lend itself to a completely theoretical 
analysis (because of complex coupling to airframe). A full scale tuning and communicating test of the 
system is the real proof of performance, The material that is presented is intended to point out guide- 
lines and techniques found to be necessary for successful hf antenna systems. It is not a detailed 
discussion in antenna theory. 
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3. WIRE ANTENNAS 


The wire antenna is the most widely used and perhaps best understood type of hf antenna. Because 
of low cost and ease of installation, the wire antenna should as a general rule be considered for new 
installations before approaching other, more complicated types of antennas. On high-speed jet aircraft, 
safety aspects and drag effects of the wire antenna must be weighed against antenna cosis. 


An exmple of an optimized wire antenna system on a Coliins Radio Company aircraft (a turboprop 
Gulfatream *) is shown in figure 1. The important features of this antenna system will be discussed in 
order that chey may be applied to other similar installations. Note that the antenna coupler, shielded rf 
feedline, ‘nd lightning arrester, are located at the top right of the radio bay (shown in bottom photo of 
figure 1). The performance of this antenna system is excellent. 


Wire antennas are used in a great variety of sizes and shapes but for this discussion only three 
general wire configurations will be covered (see figure 2). Experience with these types of wire antennas 


(or slight variations) has shown they will produce good communication results. Wire types are as follows: 


a. Straight long-wire antenna (more than 8 meters long) 
b. Inverted V-wire antenna (approximately 6 to 8 meters long) 
c. Short grounded-wire antenna (less than 6 meters long) 


Rules for the use of these antennas will be given together with discussions of important system 
features. 


3.1 Straight Long-Wire Antenna 


The top mounted straight long wire (shown in figure 1 and at the top of figure 2) is considered to 
be the best wire antenna configuration. It requires the antenna coupler to be located at the forward end 
of the wire near the top of the aircraft (note coupler feedpoint in figure 2). The Coilins airplane shown 
has a 14-meter wire in this configuration and has an insulator at the rear end (open end). General rules 
for installing this type of wire are as follows: 


a. Position the wire as close as possible to longitudinal (top view) centerline of aircraft for best 
antenna pattern (and minimum wind drag). 

b. Space rear end of wire as far as possible above fuselage (side view) for maximum vertical 
antenna component and antenna pattern. 

c. Use low capacitance feedthrough insulator or mast at coupler feedpoint for maximum coupler 
efficiency. 

d. Wire length should be 8 meters or longer for good coupler and antenna efficiency (or consider 
using the inverted V wire configuration). If length is greater than approximately 14 meters, 
there appears to be little difference between performance of open or grounded end wire 
configuration. 

e. Use lightning arrester where possible (read lightning protection literature). 

f. Use static drain resistor (usually provided in antenna coupler) for open ended wire antennas. 

g. The rf feedline between the coupler and antenna feedpoint must provide good rf grounding and 
shielding to eliminate rf interference problems (see figure 3). It must be as short as possible 
for maximum efficiency (coax feedline efficiency is critical, see figure 4). 

h. Use good high-voltage practices around connection to antenna (eliminate sharp edges and 
provide adequate spacings). 

i. Mechanical design of the antenna must be verified for safety of aircraft. 


The rf feedline should always be made as short as possible inside the aircraft. The design of the 
rf feedline is usually related to how close the antenna coupler is to other electronics equipment on the 
aircraft. The coupler shown in figure 1 is located in a large electronics bay so extensive grounding and 
shielding are required. Figure 3 (top part) illustrates the design technique used on the Collins airplane 
(and on other similar installations). The coaxial type of shielding around the antenna lead (fecd wire) and 
the lightning arrester confines the rf ground return currents inside the shielded feedline. Otherwise, 
ground currents will flow all around the inside of the aircraft in returning to the coupler. The shield also 
eliminates direct radiation from the feed wire. In many installations the techniques shown in the bottom 
of figure 3 are adequate. The ground strap should be close to the feed wire to approximate a low imped- 
ance ground plane for the antenna feed wire. The length to width ratio of the ground strap should not be 
greater than 5. 


Rf feedline efficiency is generally not a problem if line length is kept short (in the order of 0.3 meter). 
If solid dielectric coax line is used, coax length has a large effect on efficiency. Figure 4 shows how 
coax line efficiency varies with line length when used with a typical 8-meter wire antenna. Efficiency 
will improve if the antenna is longer (Collins antenna is 14 meters long and efficiency of C.3-meter line 
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is approximately 75 percent at 2 MHz worse case). If a long coax is required, use a low-loss high- 
impedance type. Large diameter air dielectric coax is available for high-voltage applications. If the 
antenna coupler is used with vibration isolators, flexible feedline connections that do not interfere with 
isolators are required. 


; 
\ 
\ 
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3.1.1 High Voltage Design 


As antenna length is decreased, the antenna coupler must generate higher voltages to deliver ¢ 
power to the open wire. Depending on coupler efficiency, the highest voltages will occur near 2 MHz. ' 
The antenna system must be designed to handle the peak voltages that occur with peak transmitter power 
at the maximum operating altitude of the aircraft. High-voltage design is too complex to be adequately i 
covered in this paper, but some general rules will be given. At Collins, high-voltage designs use the , 
following procedures: 


a. Use purchased components rated for operation at maximum peak and average operating 
voitages. 

b. Design to eliminate sharp edges and points on high-voltage circuits and nearby ground 
circuits. 

c. Provide adequate spacing between high-voltage circuits and ground. 

d. Perform tests at limit conditions of voltage, altitude, and power to verify arcing or corona 
does not occur. 


AS a general rule a spacing (across air) of 25 mm, with no sharp edges or points present, will 
handle approximately 10,000 peak volts at 30,000 feet (9,144 meters) altitude. A safety factor of at least 
50 percent on spacing should be used. Most high-voltage test problems are solved by eliminating sharn- 
ness on mechanical parts rather than increasing spacing. 


Figure 5 gives a simplified illustration of the effect of altitude on breakdown voltage (based on 
Collins Technical Report, CTR-143, 1955). The curves should be considered only as guides for general 
information. 


3.2 Inverted V-Wire Antenna 


When it is not possible to install at least 8 meters of wire in the straight configuration, the 
inverted V open wire antenna as shown in the middle of figure 2 should be considered. The inverted V 
also allows the antenna coupler to be instailed in the aircraft tail or rear electronics bay. In small air- 
craft, there is often no forward space for the antenna coupler, so the inverted V is gaining popularity in 
its usage. 


The typical inverted V-wire is approximately 8 meters long with a 2-meter vertical section 
followed by a 6-meter horizontal section as illustrated. The wire should be spaced at least 0.3 meter 
from the aircraft skin at the two insulators. Locate the tail insulator as high as possible on the tail. The 
feedthrough at the coupler feedpoint must be rated for 10,000-peak volts when a 400-watt pep radio is 
used. The coupler feedpoint should be approximately 1 meter forward of the base of the aircraft tail and 
near the top of the aircraft. The general rules given for the straight wire installation should be used 
where applicable for the inverted V-wire installation. Wire length should be at least 6 meters long. 


Impedance data measured on several inverted V-wire installations indicates good coupling to the 
airframe. Aircraft dimensional resonances appear in antenna impedance superimposed on wire dimen- 
sional resonances indicating that the wire is exciting the airframe. 


3.3 Short Grounded-Wire Antenna 


The short grounded-wire antenna shown on the bottom of figure 2 has been used where a minimum 
length wire antenna is desired. This type of wire antenna is really a simplified version of a shunt-~fed 
antenna discussed in paragraph 4. Two features leading to the use of the short grounded-wire antenna 
are as follows: 


a. Minimum wire length achieves minimum drag and breakage problems on high speed aircraft. 
b. Grounded configuration eliminates the high voltages associated with a very short open wire 
and allows use at high altitudes. 


The main disadvantage of this current fed type of antenna is low efficiency at the lower operating 
frequencies due to high power logses in the wire. Use a large diameter wire with low loss resistance to 
minimize wire losses. Use low loss ground connections and rf feedline connection to the coupler. 


The wire should be grounded as high up as possible on the aircraft tail to minimize radiation 
pattern nulls in the fore and aft direction of the aircraft. 





SET EEE onan eer 


ees eaeene ne PY TOE TT 


8-5 


Apply the general rules given for the straight long-wire installation (design for high currents 
rather than for high voltages). If operation performance must be improved, consider using the shunt feed 
rod configuration in paragraph 4, 


4. SHUNT/NOTCH ANTENNAS 


Shunt and notch type hf antennas are becoming increasingly popular on modern high speed or 
streamlined aircraft. Figure 6 shows a variety of configurations used for this type of antenna. Figure 7 
shows general details of the shunt/notch antenna configuration. The word "shunt" will be used here in 
reference to both shunt and notch configurations since the basic difference between the two is the ratio of 
length to width of the cutout (dielectric) portion of the aircraft (as shown in figure 7). 


The shunt (shunt feed) antenna is best described as a kind of transmission line that uses one part 
of the aircraft (fin or wing) to feed the rest. It can be located at various points on an airframe, but since 
it functions as a type of inductive coupling it should be located at a point of low impedance or high current. 
The current in the shunt feed locp induces current in the airframe, so the airframe, or a limited portion 
of it, acts as the antenna. The coupler feedpoint should always be located at the end of the shunt feed 
which is closest to the center of the aircraft. 


The design of the antenna first involves finding a suitable location for the dielectric area, and then 
arranging the dimensions of the shunt feed and dielectric area to provide an antenna that can be efficiently 
matched to 50 ohms with a relatively simple antenna coupler. Collins has developed several useful guide- 
lines to consider when designing a shunt antenna. They include the following: 


a. Antenna Location - The first choice should be at the root of the tail fin as shown in most of 
the configurations in figure 6. An alternate is at a wing root; however, vertically polarized 
signals are reduced. Keep the antenna close to fin or wing root for maximum coupling to 
aircraft, 

b. Location of Antenna Tuner - The tuner should be connected to the shunt feed at the end near 
the tail or wing root to provide maximum efficiency. Proper rf grounding and shielding will 
eliminate rf interference. 

c. Dielectric Section - The dielectric material used to fill the opening below the shunt feed should 
be a good grade of fiber glass or equivalent. The surface must be sealed to prevent arcing 
due to moisture and other contamination, and the metal fasteners used must be spaced enough 
to prevent arcing and corona. 


Experience with a variety of antennas (as shown in figure 6) indicates that exact sizes and 
shapes of the dielectric areas are not critical design parameters. The dielectric area (see 
figure 7) should always be as deep as possible for maximum coupling to the aircraft. 
Efficiency can be considered proportional to dielectric area. 

d. Shunt Feed - Since rf current of over 50 amperes (with a 400-watt radio) is typical near 2 MHz, 
the shunt feed and all joints or connections must be designed to have very low rf resistance. 
Sharp edges must be avoided near the feed end where the highest voltages (typically 3000 to 
5000 volts peak) occur. The shunt feed is typically about 2.5 meters long with a dielectric 
depth of about 0.2 meter at the feedline end. 

e, Antenna Impedance - To avoid the need for a complicated antenna tuner, the antenna impedance 
at 2.0 MHz should be no less than +j17 ohms, and should have parallel resonance between 20 
and 30 MHz. Series resonance should be avoided completely so the antenna reactance gets no 
closer to resonance than -j100 ohms at 30 MHz, and an antenna's greatest Rp should be less 
than 20,000 ohms to achieve good coupling. Typically, a shunt (or large notch) antenna will 
fall within these parameters. 

f. Lossy Materials - Since high rf current is present all around the dielectric area, no magnetic 
materials or materials of low conductivity or high dissipation should be located in or near 
this area. 


Figures 7 and 8 show details of shunt feed antenna installations. Note the provisions for locating 
the antenna coupler inside the aircraft skin. The Collins 5488-3 PA Coupler and 641D-1 Capacitor 
(shown in figure 8) illustrate how the high antenna currents can be kept outside the aircraft skin. The 
capacitor resonates the inductance of the antenna producing a large current flowing around the rim of the 
dielectric area (also see bottom of figure 7). The rf coax feeding the resonant circuit does not have to 
carry the high antenna currents. Apply the same general rules given for installations in paragraph 3.1. 
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4.1 Shunt/Notch Comparison To Probe Type Antenna 


Shunt/notch antennas are considered to have many advantages over the older style probe and cap 
type antennas. These are the following: 


a. Weight - No lightning arrester required. Nothing external to aircraft. Small lightweight 
antenna tuner. 

b. Wind Resistance - Nothing external to aircraft. 

c. Antenna Voltage - Maximum voltage is less than half that of probe antenna. 

d. Tuner Efficiency - Typically 70 percent minimum compared with 20 percent minimum for a 
probe. 

e. Tuner Accessibility - Can be located inside cabin near fin or wing root. 

f, Environment - Coupler does not have to be located at fin or wing tip in high vibration area. 


Performance of a good shunt/notch type antenna system is comparable to that for a probe or cap 
type system. Dual ARINC systems for commercial airlines (such as Collins 490S-1 coupler) are 
approximately half the complexity, size, and weight of comparable probe and cap type systems. 


5. TUNED MONOPOLE HF ANTENNA 


A tuned hf monopole (with load wire) antenna system is presented as an optimum solution for 
helicopters and other small aircraft where a good long wire ic not practical. Figures 9 and 10 show 
system configuration and installation details of the Collins 437R-2 Antenna Svstem. This miniature 
monopole is a tunable loading coil that series resonates an approximately 3 to 4 meters long load wire. 
The theory of this antenna is covered in a 1966 AGARD paper "Recent Developments in HF Helicopter 
Antennas" by J. D. Cosgrove and R. C. Fenwick of Collins Radio Company. The section from this paper 
concerning optimum antenna system configuration follows: 


The theory and patterns presented show that the optimum antenna configuration for small or 
medium size helicopters is an open-ended wire antenna, which usually must be side mounted. Since sky- 
wave is favored regardless of the configuration, it remains to maximize the surface wave radiation. 
Generalized recommendations for an optimum antenna configuration are as follows: 


a. Spacing of the wire from the fuselage should be as great as practicable. 

b. The horizontal portion of the wire should be as far below the fuselage as practicable, or above 
the fuselage if rotcr modulation can be tolerated. 

c. A tunable loading coil should be inserted in the wire and adjusted so that the input impedance 
is near resonance at each operating frequency. 


The latter recommendation requires further elaboration. The inclusion of the tunable loading coil 
increases the vertically polarized radiation typically by one to two dB due to its effect on the wire current 
distribution. The major contribution is the lower matching loss compared to what would be obtained with 
a reasonable size coil inside the fuselage. Whether the coil is placed in the horizontal or vertical portion 
of the wire makes little difference. Horizontal coil placement gives slightly greater gain when airborne, 
as shown by scale model gain measurements, and less aerodynamic drag; vertical placement gives greater 
gain on the ground and is less susceptible to physical damage. In most cases, vertical coil placement is 
the best compromise. 


In 1963, a number of antenna systems were tested by Collins Radio Company and the US Marine 
Corps on an actual helicopter to determine the best configuration suitable for helicopter use. The results 
of these tests showed that a vertically mounted tunable loading coil with a short open-ended wire antenna 
was superior to other types (that is, wires, fans, shunts, etc). These tests also showed that vibration and 
roior modulation are of major concern in hf SSB communications. 


It should be noted that the tunable loading coil does not make use of any new or unusual principle 
in its operation as can be seen in the preceding theoretical discussions. The usefulness of the tunable 
loading coil lies in the fact that it is a practical approach toward producing vertically polarized signals 
at low (2 to 6 MHz) hf frequencies. Its effectiveness is directly dependent on the use of an antenna coupler 
and the antenna/antenna coupler system interface, which allows its use with conventional hf SSB 
transceivers. 
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One of the key decisions made during the early study phase was to use a tunable loading coil as an 
extension of the tuning capability of a general purpose antenna ccupler. This method was preferred over i 
the solution of placing all the tuning elements in the tunable loading coil, the reasons for which were as i 
follows: 


a. Typically, airborne SSB transceivers require a 1.3:1 swr (50 ohms) or less at their output 
terminals to achieve rated performance. This means that the antenna circuit must be tuned 
accurately. Precise tuning elements are required. To place these elements in the severe 
vibrational environment of the tunable loading coil outside of the helicopter would impose 
difficult design restrictions. 

b. Since the loading coil should be mounted as far from the fuselage as possible, it is mandatory 
that weight be kept to a minimum. 

c. A tunable loading coil that is operated (slaved) by an antenna coupler can be produced as an 
accessory item. Since the antenna coupler is general purpose, it can be produced at a high 
rate thus lowering the overall cost of the system. 

d. If the tunable load coil is damaged, the coupler can tune the remaining portion, thus main- 
taining communications. 

e. The antenna coupler can be used on larger aircraft using fixed wire antennas or at fixed 
stations using whips or wires. The use of this common coupler reduces inventory, logistics 
support, and maintenance requirements. 


Figures 9 and 10 show how the 437R-2 system conforms well to the general recommendations of 
the 1966 paper. 


Methods of choosing the mounting location of the 437R-2 and load wire for best performance are 
outlined in figure 9. Top mounting should be used if possible. On helicopters, the 437R-2 must be 
located on the bottom of the aircraft (as shown) to eliminate rotor blade modulation problems. Rigid 
support of the wire is required to eliminate vibration induced movement that can detune the high Q 
antenna. The wire that extends back toward the tail of the aircraft is necessary for optimum efficiency 
and to provide excitation for horizontally polarized signals. Radiating characteristics of the antenna 
system are improved as the distances from the wire to the aircraft skin are increased. 


The system pictorial drawing (figure 10) shows that provisions for very adequate rf bending and 
grounding are inherent in this design. The rf line between the 5488S mount (990C-~6) is coaxially shielded ' 
(including connectors) to effectively eliminate rf interference inside the aircraft. Mounting vibration 
isolators have rf bypass straps to the mounting shelf, which serves as a good rf ground when bonded to 
the inside of ihe aircraft skin near the 437R-2. 


Special rf feedline considerations are used with the 437R-2. High impedance (95 ohms) coax is 
used to reduce losses and minimize stray shunt capacity. The end of the load wire is normally open ' 
circuited, but in some installations a series L-C network (load termination) is used to control the 
impedance near 30 MHz to optimize efficiency. 


The same general rules given for antenna installation in paragraph 3.1 should be followed along 
with those given here. 


6. CONCLUSION 


A variety of hf antenna systems have been discussed in applications for small aircraft. This 
information is intended to provide practical background information to the antenna designer or installer 
and help achieve better understanding of optimized antenna systems. Knowledge of different types of 
antenna systems is just a starting point toward antenna design. Each different application will present 
some unique problems. The final result is the tested proof of performance and successful hf 
communication. 
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Figure 1. Long-Wire Antenna on Collins Airplane and Radio Bay. 











See) FO a ee 2 Pee, 





Se eS Pe NE” RL oR ay Pape eee 





LONG WIRE 


INVERTED V WIRE 


SHORT GROUNDED WIRE 


©@ COUPLER FEED POINT (MAST OR FEED THRU) 
! INSULATOR 


G GROUND 


Figure 2. Wire Antenna Types. 
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Figure 3. Wire Antenna/Coupler Shielding and Bonding Techniques. 
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Figure 4. Wire Antenna - Typical Coax Feedline Efficiency. 
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Figure 5. Typical Altitude Voltage Derating Curve. 
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Figure 7. Shunt/Notch Antenna Details. 
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STANDOFF SECTION THRU H 

LOAD WIRE 
INSULATOR/LOAD TERMINATION 

437R~2 TUNED 

MONOPOLE 


1, MOUNT THE 437R-2: 
-CLOSE AS POSSIBLE TO HORIZONTAL CENTER OF AIRCRAFT (H) AND 
SIDE TO SIDE CENTER (S) 
~AS FAR AS PRACTICAL ABOVE OR BELOW VERTICAL CENTER OF AIRCRAFT 
(V) (ON HELICOPTER MOUNT ON BOTTOM ONLY-AWAY FROM MAIN ROTOR) 


2. LOAD WIRE 
-LENGTH 10 TO 15 FEET (3.05 TO 4.07 M) 
-~SPACE AS FAR AS POSSIBLE FROM AIRCRAFT SKIN (MINIMUM OF 
1 FOOT (0.3M) AT END), USE 10,000 VOLT STANDOFFS AND 
INSULATOR/LOAD TERMINATION (SEE INSTRUCTION BOOK) 
-KEEP TIGHT TO PREVENT MOVEMENT FROM WIND AND VIBRATION 
-ROUTE IN RELATIVELY STRAIGHT LINE TOWARD REAR OF AIRCRAFT 





Figure 9. Tuned Monopole Antenna Types (Collins 437R-2). 
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Figure 10. Tuned Monopole Antenna ~ Typical Installation 
With Collins 5488 and 437R-2, 
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ISQUSSION 


G: Bp COOPER: The VW-antenna described 1s assymetric - 1% could be fed at either extreme, 
or at the apex point, posaibly with some physical rearrangement. Is there known to be 
particular merit for any feed point? 

2. The monopole loading syatem for a helicopter antenna shows a load termination at 


the extreme aft end of the wire. What if anything is. needed aft of this unit in order to 
make it work? 


R.E.DEASY: 1. There is better vertically polarized radiation when fed from the aft 
extremity, since the higher currents then flow in the near vertical section. 
2. The load termination is an ineulator for most installatiena. On some helicopters, 


a series L-C circuit resonating juss above 30 MHz is used in order to i 
efficiency near 30 MHz. yure 3 to improve the tuning 
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VERY SLIM, HIGH GAIN 
PRINTED CIRCUIT MICROWAVE ANTENNA 
FOR AIRBORNE BLIND LANDING AID 


By: W.Hersch Ph.D. 8.Sce.(Eng.) M.I.E.E. 
(MEL Equipment Company Ltd.) 


SUMMARY 





A very slim stripline microwave antenna designed for C - Band 
consists basically of two selectively etched POLYGUIDE boards. 
The integral radiating elements are 2 stacked dipoles, backed 
by a reflector, yielding a cardioid shaped beam approximately 
40 degrees wide. An aerodynamically shaped radome and the 
use of high temperature materials makes this antenna suitable 
for all supersonic aircraft. 


used for navigational purposes and in particular antennas for Blind Landing 


Aids must exhibit a carefully controlled polar diagram. In one Blind Landing System 
known as MADGE ( Microwave Airborne Digital Guidance Equipment ), which uses vertical 


polarisation, 


the beamwidth in elevation need only be wide enough to accomodate the vari- 


ation in pitch of the aircraft during the approach phase, typically + 20 degrees, whereas 


omnidirectional cover is required in the azimuth plane. 


At microwave frequencies, no single antenna 
can provide omnidirectional cover due to obscur- 
ation by the fuselage and hence 2 antennas are 
employed, one fora and one aft, which are alter- 
nately connected to the transmitter/receiver, 


By way of explanation, Figure 1 shows schem- 
atically a coaxial cable-fed version of the 
basic configuraton. The equivalent arrange~ 
ment in stripline is illustrated in the explod- 
ed view of Figure 2. The outsides of the two 
cOpper clad POLYGUIDE boards are here selective- 
ly etched so that the two halves of each dipole Figure 1 
are integrally formed on separate panels. The 
stripline feeder including the power splitter 
and quarter wave matching sections are produced 
by photo etching on the inside. 


The two panels are held together by rivets, 
spaced in such a way that they form chokes thus 
suppressing radiation resulting from unbalanced 
parallel plate modes. The centrally placed load 
in the 4th arm of the power splitter has only 
to’ absorb reflected power due to asymmetry bet- 
ween the two dipoles and in a well balanced ass- 
embly may be omitted altogether. It becomes 
thus possible to design a physically short an- 
tenna and yet to maintain a 10 : 1 cord ratio 
stipulated for supersonic aircraft. 


None of the microwave components are highly Figure 2 
frequency sensitive and hence a match of 1.5 : 1 


can readily be maintained over a 5% frequency band. The complete assembly is normally 
enclosed in an aerodynamically shaped radome which, because of the inherent glimness of 


atripline, results in a blade like appearance, see Figure 3. 


Figure 3 
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A typical free space radiation pattern is shown in familiar polar coordinates 
in Figures 4 and 5. 





Figure 4 (Azimuth) Figure 5 (Elevation) 


The azimuth pattern can be modified within limits by enlarging the reflecting edge 
of the stripline assembly. For instance, the addition of metal strips 4 mm wide, bond- 
ed to the outside, will reduce the azimuth beamwidth from = 120 degrees to + 80 degrees, 
with a corresponding increase in gain 
in the forward direction of 1 dB, as 
illustrated in the X - Y plot, Fig.6 
in which the enlarged scale demonstrat- dB 
es the effect of small changes more O 
clearly. 


The elevation pattern, perfectly 
smooth when measured under ‘free space 
conditions, can suffer fluctuations 
typically of the order of + 4 dB due 
to reflection from the fuselage, but -2 / 
careful siting of the antenna, where 
this is possible, can considerably 3 
minimise the effect. 


Since various types of aircraft 
are going to be equipped with the 
MADGE Blind Landing Aid, 3 slightly 
different versiors of the antenna “6 
have been produced with upward beam 
tilts of 0° , 14° and 28°, to cater 
for installation conditions typic- z 
ally encountered in practice. 90 





Figure 6 
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POLYROD AERIALS FOR AVIONIC APPLICATIONS 
by 


M. Scorer 
A.M. Smith 
Marconi- Elliott Avionic Systems Ltd 
Elstree Way 
Borehamwood 
Hertfordshire 
WD6 IRX 
England 


SUMMARY 


This papex investigates the effect of adding rectangular dielectric slabs, having cross sections of 
the order of tens of square wavelengths, to the aperture of an aerial with a view to increasing its gain. 
A theory has been developed to describe the performance of such an aerial and has been verified 
experimentally. Theoretical and experimental curves of gain enhancement versus slab length for slabs 
having various dielectric constants are presented. Hybrid slabs, comprising sections of different 
dielectric constants, have been designed according to the theory and show improved performance over 
slabs of constant dielectric constant. Slabs excited by feeds whose apertures have cross sections smaller 
than the slab cross section have also been examined. 


1, INTRODUCTION 


In most airborne radar applications the gain that can be obtained from the aerial is at a premium, 
and with conventional reflector or planar array aerials a large cross-sectional area is needed to achieve 
high gain. In practice, sufficient space to accommodate these aerials is not always available in the parts 
of an aircraft, such as the nose and tail, in which the aerial and its associated equipment must be instal- 
led, This paper describes a composite aerial in which a dielectric slab is mounted in front of a conven- 
tional aerial to enhance its gain, The composite aerial can have a variety of sizes and shapes to suit the 
space available. However, this paper is principally concerned with the case where the cross-section of 
the aerial is rectangular and several tens of square wavelengths in erea. It will be shown that for the 
type of avionic application envisaged, the required dielectric constant is low (around 1.1) and so the 
aerial can be made from lightweight natural dielectric foams or an artificial dielectric if extreme lightness 
is required, 


The dielectric slab achieves gain enhancement in two ways, Firstly, energy from the feed is 
coupled into a surface wave mode which propagates along the slab and is radiated from its free end, 
This surface wave mode has a field distribution which can extend beyond the boundaries of the slab and 
hence form a radiating aperture which is larger than the feed aperture. In addition, energy is radiated 
directly from the feed/slab interface and beats with the radiation from the free end of the slab. 


Conventional dielectric aerials which have a cross section which is small compared to a wavelength 
and which use relatively high dielectric constant material have been extensively studied. However, in the 
case where the basic aerial has a cross section of several square wavelengths, no information has hitherto 
been available concerning the optimisation of parameters such as dielectric constant and geometry, 

The aim of this paper is to establish a model which is capable of furnishing such design information. 


2. TWO APERTURE MODEL 


The behaviour of a dielectric enhanced aerial can be described by utilising a two aperture model 
(COLLIN, R.E., !969, GALLETT, IN.L., 1973). This model assumes that some of the energy is radiated 
from the feed/slab interface and the remainder is launched into a surface wave which is propagated along 
the slab and is radiated from its free end. The radiation pattern of the composite aerial is determined 
by the vector addition of the radiation from the two ends of the slab, 


In order to utilise this model it is necessary to determine the propagation characteristics of the 
surface wave and to determine the forms of the effective aperture distribution at the free end of the slab, 
and at the feed/slab interface, 


The first part of the theoretical analysis solves the electromagnetic boundary problem. In the case 
of slabs with circular or elliptical cross section, the propagation constants can be found analytically 
(JAMES, J.R., 1967, YEH, C., 1962) but for slabs of rectangular cross section the Point Matching 
Technique has to be used, (JAMES, J,R,, 1972, GALLET, I.N.L., 1972) and (BATES, R.H.T., JAMES, J.B, 
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GALLETT, ILN.L., MILLAR, R.F., 1973). Solution of the resulting transcendental equation yields the 
propagation constants for the various modes. Typical mode charts for rectangular slabs are shown in 
Figure 1. The parameter Bis the phase constant for the surface wave and takes account of both the 
dielectric constant and the guiding effects of the slabs. The mode designations are those used by 
(MARCATELLI, E.A.J., 1969) and by (GOELL, J.E., 1969) and are classified according to the symmetry 
properties of the electric field. The mode nomenclature ie such that the superscript denotes the direction 
of the electric vector and the subscripts give the number of regions of power concentration in the x and y 


directions, The lowest order hybrid modes which have piane wave fronts are of importance in the practical 
x 


work, These are the Eh and the EY modes which are illustrated in Figure 2. The density distributions 
of these modes are approximately Gaussian in form and consequently the radiation from the free end of 
the slab (which we will call the termination radiation) also has approximately Gaussian form. Previous 
workers have usually assumed that the direct radiation from the feed/slab interface may be assumed to 
be derived from an aperture distribution which has an identical form to that of the feed but which is 
reduced in amplitude. However, a more realistic model assumes that the distribution at the feed/slab 


interface is the difference between the original feeder distribution and that of the EN, or EY, mode 
which is propagated on the dielectric slab. This distribution may be either predominantly negative 


or predominantly positive depending on the relative amplitudes and forms of the surface wave and 
feed distributions. Thus, in some cases there will be a 140° phase shift between the two apertures 


and in other cases a 0° phase shift. 


Before the complete radiation pattern of the dielectric enhanced aerial can be calculated, the 
relative amplitudes of the radiation from each of the two apertures must be determined. These have been 
ascertained empirically by fitting to the measured result for one particular case. The deduced amplitudes 
may then be used to calculate a generalised family of results, 


An important property in assessing a dielectric enhanced aerial is the amount of gain enhancement 
obtained. This is defined as the difference between the gain of the combined feed and dielectric slab and 
that of the feed alone. Curves of gain enhancement have been calculated, using the above theory, for 
slabs of various dielectric constants and are presented in Figure 4. 


To achieve a significant amount of gain enhancement from a dielectric slab aerial the two 
radiating apertures have to be correctly phased to give constructive interference. The particular case 
examined of a rectangular horn of aperture 9.5 »% by 2.4 A, is found to have an inherent 180° phase 


difference between the termination aperture and feed/slab aperture. The separation of the apertures 
i.e. the length of slab, therefore has to be adjusted to give another 180 of phase so that the maximum 
gain enhancement may be obtained. This basic result of the model] has been used to design uniform and 
non-uniform dielectric constant slab serials to give an optimised performance. 


3. EXPERIMENTAL INVESTIGATION 


The experiments involved measurements of the gain and far field radiation patterns of various 


dielectric enhanced aerials. In some cases it was necessary to measure both the phase and amplitude of 
the radiation pattern. 


The simplest experiments involved measuring the variation in gain when slabs having differing 
dielectric constants and lengths were mounted in front of a horn aerial whose aperture was 9.5 Ay by 


2.4 Aa: The experimental arrangement is illustrated in Figure 3. In each case the overall aerial gain 
was measured as the length of the slab was increased up to a maximum of 50 Aa and for the higher 


dielectric constant slabs, sufficient length was available to show an approximately sinusoidal gain 
variation. The measured results are shown in Figure 4 where they are compared with the theoretical 
curves which were obtained in the manner previously outlined, The periodicities and amplitudes of the 
theoretical and measured results are in good agreement which not only endorses the two-aperture model 
but confirms that the calculated values of 8 are in close correspondence with the assumed nominal 
values of the permittivity of the dielectric material, 


In the case where the slab had a dielectric constant of 1.1, results were obtained with the 
electric vector parallel to both the long and the short sides of the slab corresponding to the slab 


supporting the EX, and EY, modes respectively. These are presented in Figure 5 from which it can be 


seen that the Ey mode gave a peak gain enhancement of about 3.3dB whereas the Ei mode gave a peak 
enhancement of about 2dB, 


The two-aperture model was examined in more detail by separating the contributions of the 
two apertures using the method of (ZUCKER and STROM, J.A., 1970). This method involved measuring 
the phase and amplitude of the radiation from the composite aerial in the far field as the separation of 
the two apertures wae varied, It was assumed that as the length of the dielectric slab was varied, thereby 
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altering the separation of the two apertures, the contribution from the feed/slab aperture remained 
constant while that from the termination aperture was constant in amplitude but varied in phase. 

The vector addition of these two signals resulta in a circle centred on the junction of the two vectors 
having a radius equal to the amplitude of the tezmination aperture vector. 


Measurements were made on a rectangular slab of dielectric constant 1.1 fed by a horn, These 
measurements were made at! scan angles up to 20° off boresight for cach slab length as the latter was 
reduced in steps of 1.56 Ao Both polarisations were used i.e. with the electric vector parallel to both the 


long and short sides, and the aerial was scanned in both the E and H planes resulting in four sets of 
measurements, For each set of measurements polar plots were drawn to allow the contributions from 
the two apertures to be separated, A typical plot is shown in Figure 6. The radiation patterns of each 
aperture obtained from this measurement are presented in Figures7 - 10 as curves 4A and B,. The pattern 
which was obtained without the slab in front of the horn is shown in the figures as curve C, From the 
model outlined earlier, the feed/slab radiation pattern may also he obtained by differencing the 
measured horn and derived termination patterns (curve C - curve A) and this result is shown as curve D, 
The two curves for the feed/slab radiation pattern are in good agreement, 


The two-aperture model enables the length of the slab to be chosen so that the radiation from the 
two apertures adds in phase to produce gain enhancement. This model has been used to design hybrid slabs 
composed of several different dielectric constant materials of uniform cross section. The objective was 
to obtain a slab onto which the energy from the horn could be launched efficiently while retaining a high 
gain termination radiation pattern. The former requires the field of the surface wave to be confined 
within the horn aperture dimensions i.e. for the slab to have a high dielectric constant, whereas the 
latter necessitates a large virtual aperture i.e. a low dielectric constant slab, 


In order to investigate the effects of hybrid slabs a reference aerial was selected which comprised 
a 10.92, long slab of dielectric constant 1.1. This slab length was chosen so that constructive interference 


between the two apertures occurred. A two component hybrid slab (€= 1.1, 1.2) was designed by choosing 
the lengths of the individual sections so that constructive interference of the radiation from the two 
apertures was obtained, The slab was constrained to have an overall length of 10.9 As The E and H plane 


radiation patterns of the resulting aerial are shown in Figure 11 together with the radiation patterns of 
the reference aerial. When these patterns are compared with those of the reference aerial (which has 
the same form of termination pattern) it is seen that the H plane sidelobes have been reduced to -17.6dB 
compared with -10.6dB, The gain enhancement has also been slightly reduced (2.6dB compared with 
3.25dB) due to a slight increase in the H plane beamwidth. The E plane pattern is unaffected. 


A hybrid slab composed of more component sections would have less abrupt junction discontinuities 
which might therefore cause less radiation from the junctions and hence lower the sidelobe levels still 
further. Consequently a 3-component hybrid slab (¢= 1.2, 1.14, 1.1) whose overall length was also 10.9 A, 


was evaluated. The lengths of its sections were chosen so that constructive interference occurred between 
the two apertures. The resulting E and H plane radiation patterns are shown in Figure 12. In this case 

the H plane sidelobes were reduced to -18,2dB but the H plane beamwidth improved to give a gain 
enhancement of 3dB. The E plane pattern was again unaffected. 


A further 3-component hybrid slab which was also constrained to a length of 10.9 A, was investi- 


gated. This had a termination section having a lower dielectric constant than the previous slab (1.04 as 
compared with 1.1) and would therefore be expected to have a larger virtual aperture and increased gain. 
The dielectric constants of the remaining sections were unaltered so that the launching conditions were 
unchanged but the lengths of the sections had to be adjusted to give constructive interference again, 
However, the measured results showed a slight decrease in gain (0.4dB), This is probably due to the 
greater discontinuity occurring at the last junction resulting in increased sidelobes. 


Finally, a 7-component hybrid slab (¢= 1.4, 1.3, 1.2, 1.14, 1.1, 1,04 and 1.02) with an overall 
length of 10.9 AQ was again designed to give constructive interference between the two apertures. The E 


and H plane radiation patterns of this structure are shown in Figure 13, The H planes have been further 
reduced to about -23dB but once again the H plane beamwidth has increased resulting in a slightly 
reduced gain enhancement of 2.5dB, The E plane is still unaffected. 


In summary the use of a hybrid dielectric constant slab instead of a uniform one, reduces the 
H plane sidelobe level. The improvement in sidelobe level increases with the number of sections ised 
and with a seven section slab the sidelobe level was -23dB which compares with -10.6dB for a uniform 
slab, 


3.1 Reduced Height Feeds 


In most avionic applications the aerial housing will have a curved cross section and there is a 
possibility of using a similarly curved dielectric slab to enhance the gain. However, feeding such an 
aperture with a plane wave often presents engineering difficulties and there tend to be advantages if the 
shaped slab can be fed by a smaller rectangular cross sectioned feed. This section considers whether the 
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use of such a rectangular feed significantly impairs the performance of the composite aerial. 


Some experiments were conducted on the effect of reducing the height of the horn feeding a 
rectangular cross sectioned slab to examine the effects on the gain of the composite aerial. 


The measurements were made using a slotted waveguide array with an associated horn which 
flared out to an aperture approximately 30 5 by 3 AS The array had a -18dB cosine taper across its 
larger dimension and its E vector was parallel to this direction. The height of the horn could be reduced 
in stages down to 1.5 AS This feed was used to excite the Eh mode on a rectangular cross section slab 


of dielectric constant 1,08 whose length could be increased in stages up to a maximum of 16 AS 


Table | summarises the results for the case when the feed occupied half the height of the slab. 
It can be seen that when the slab was 7.8 a, long and the feed occupied half the height of the slab the gain 


of the composite aerial was reduced by 3.3dB compared with that obtained with a full size feed. When the 
slab length was increased to 15,6 ay the sacrifice in gain with the half height feed was reduced to 1. 6dB. 


This probably represents the best that can be achievedwiththis dielectric constant slab as 15,6 Ay is 
approaching the correct length for constructive interference between the radiation from the termination 


and feed/slab interface apertures, 


SLAB LENGTH 


Height of 7.8A 9.3.4 10.9 2X 12.5 A 14.0 15.62 

Feed Horn Length Length Length Length Length Length 

1,5 5 25.7dB 26.8dB 27.1dB 28,.3dB 28.9dB 29.0dB 

3 a, 29.0dB 29.4dB 29,.8dB 30.2dB 30.6dB 30.6dB 
TABLE I 


Comparison of the total gain of dielectric enhanced horn with full and half height feeds, 


4, CONCLUSIONS 


A two aperture model has been developed which describes the performance of a dielectric enhanced 
aerial and has been verified experimentally by far field phase and amplitude measurements. Theoretical 
and experimental curves of gain enhancement versus slab length have been obtained and show good 
agreement, providing further endorsement of the two aperture model and confirming that the calculated 
values of Bare in close correspondence with the assumed nominal values of permittivity. 


In the case of the EY, mode of propagation the optimum permittivity is less than 1.1 for slabs 


11 
having lengths greater than 5 A, and with cross sections 9.5 AS by 2.4 AS resulting in gain enhancements 


in excess of 0.5dB. However, it has been found that, for a slab of dielectric constant 1.1, use of the 


EN mode of propagation can give a gain enhancement which is up to 2dB greater than that obtained for 


the EY mode of propagation. 


The sidelobe performance of dielectric enhanced aerials can be substantially improved by the 
use of hybrid slabs and these may be designed using the theory which has been developed. 


We conclude therefore that a model has been established which is capable of describing the per- 
forrrance of a dielectric enhanced aerial and can furnish the necessary design information, 
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Figure 2 COMPUTED POWER 
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DISCUSSION 





oA BARRE Did the measured increase in gain correlate with the measured reduction 
in beam w o (i.e. were there dielectric losses?). 


A.M._SMITH: The correlation was good which indicated that the losses were negligible. 


Ss CORNBLEET: Does not the reduction in dielectric constant agree with that of the 
nor tapering of polyrods?. 


A.M. SMITH: The principle behind the normal tapering of polyrods is to achieve good 
launching efficiency while maintaining a high gain radiating aperture which are opposing ; 
requirements solved by tapering the diameter of the rod so that it does not radiate along ‘ 
its length. We chose our high dielectric constant launch section and low dielectric constant 
termination section to achieve the same effects and also the lengths of the individual 
sections were chosen 60 that construction interference occured at the termination aperture 
between the wave inside the rod and the free space radiated from the launch aperture. This 
latter condition aleo affects the gain in the type of polyrod we considered (dimensions)A,). 

We have made hybrid rods with sectiona having identical effective refraction indices 
both by varying dielectric constunts and stepping the cross sectional size. The latter gave i 
completely different rediction patterns to the former. { 

We do not know the explanation for this phenomenon. It could be that the internal ! 
radiating aperture at the temination end of the rod is a different function of the dimensions 
and dielectric constant than the effective refraction index. If so, making the latter equal i 
in the two cases would not ensure equal gain from the aperture. ; 








LINEAR PHASED ARRAY FOR YAW STABILISATION 


by 


D §S Hicks 
Royal Radar Establishment, Malvern, England 


SUMMARY 


The theoretical performance of a linear digital phased array with both equal and unequal inter- 
element spacing has been investigated with the aid of a computer program written in ALGOL 68R. Three 
aerials have been studied. The first is a conventional linear phased array in which each element con- 
siats of a waveguide horn. The elements are placed side by side to form a "fully filled" aperture. The 
other two arrays consist of identical waveguide horn elements but the spacing is not equal. Iwo arbit- 
rarily chosen spacing laws were studied each of which had an exponential form. 


The loss in gain due to phase quantization has been calculated and the effects of the unequal inter- 
element spacing law on gain and beamwidth is estimated. The beam pointing error, the beam granularity 
and the magnetude of the peak sidelobes are presented here for the three arrays. It is shown that some 
reduction in the number of elements required to fabricate an array may be achieved if the inter-element 
spacing is not made equal, and also the magnetudea of the grating lobes may be significantly reduced if 
the spacing law is chosen correctly. Lastly a simple means by which a static split system may be achieved 
is discussed and some simulation program results presented. 


1 INTRODUCTION 


In the small volumes available for the installation of equipment in a modern high speed aircraft it 
may be difficult or even impossible to achieve a fully motion-compensated aerial by mechanical techniques. 
One method by which a fully stabilised aerial may be achieved is to utilise a linear digital phased array 
scanning in the horizontal plane to give yaw stabilisation, whilst a mechanical system is used to stabilise 
the aerial in the other planes. 


This paper will only consider the linear digital phased array required to obtain yaw stabilisation 
and the economies that can be made in phase shifters when certain operating limits are exploited. The 
two principal operating limits which can be exploited in this application are:- 


1) The array is linear and scanning is required in only one plane 
2) The scan angle is limited to small angles. 
The cost and complexity of a digital phased array is determined by: 
2) The number of elements with active phase shifters in their feed systems 
b) The number of bits per phase shifter 


The number of elements, and therefore the number of phase shifters, assuming each element requires at 
least one is determined by the array aperture, the signal frequency, and the maximum scan angle required 
before grating lobes are encountered. These factors are usually set by prior operating requirewents. The 
number of elements (determined by considering these factors) can be reduced by a small percentage if the 
far field radiation pattern of the elements is taken into account and used to reduce grating lobes that 
occur at large angles from the broadside position. Reduction beyond this number of elements is impossible 
if the inter-element spacing is made equal. A method by which further reductions can be achieved is to 
destroy, fully or partially, the periodicity of the far field radiation pattern by spacing the elements 
unequal distances apart. 


Ultimately the performance of a digital phased array depends on the number of ‘bits’ per phase shifter 
available for beam steering. The number of bits is constrained at the lower end by the beam pointing 
errors and the phase quantization sidelobes that can be tolerated, and at tho higher end by the insertion 
losses and the limitations of present technology. The present practical constraints in the number of bits 
per phase shifter is between one and four. 


2 THE ARRAY 

The general diagraw of the array is shown in FIG 2.1. The non dispersive feed system can teke the 
form of an optical, a reactive corporate or a matched corporate type of feed. This is required to aini- 
mise beam squinting over a 2% bandwidth. 

The array ie to be approximately 3.5 ft (1.07M) long and the maximum scan required is + 10° about the 
broadside position with a maximum one-way sidelobe level of - 15 dB over this range. The maximum beam 
pointing error is to be less then 0.2° over the scan range. Estimations based on Millers! results indicate 
thet three or four bits (8 or 16 phase steps) would be adequate to meet the initial specifications. 

3 AN ARRAY WITH EQUAL INTER-ELEMENT SPACING 


If the inter-element spacing is equal, and no amplitude taper is spplied across the array aperture, 
then the maximum inter-element spacing before grating lobes appeer in real space is given by:- 


ee 3.1 
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dX} = signal wavelength 
vo = maximum scan angle 


If the radiating elements are anisotropic and their fax field radiation pattern is taken into account some 
degree of grating lobe suppression can be obtained, permitting d to be increased. The minimum number of 
isotropic elements required to fabricate an array 3.5 ft long at 10 GHz and avoid grating lobes when the 
beam is scanned + 10°, is 42. If the elements are, say, waveguide horns the number of elements can be 
reduced to approximately 36, (assuming the aperture is filled) becausethe far field element radiation 
pattern will suppress the grating lobe that appears ¥ 59°. 


The initial simulation program results obtained from the proposed 36 element linear array confirms 
that the grating lobes will be suppressed by the element radiation pattern. The elament pattern is a 
reasonable approximation to the radiation from a small waveguide horn in an infinite array environment 
(FIG 3.1). The effect of varying the number of bits per phase shifter on sidelobe performance and beam 
pointing error is reported in section 5. 


4 AN ARRAY WITH EXPONENTIAL INTER-ELEMENT SPACING 


The angular periodicity of the far field radiation pattern can be destroyed if the elements are not 
placed at equal increments along the aperture. If the periodicity is destroyed in this way the number of 
elements can be reduced as grating lobes wil! => !onger be a problem. Spacing the elements in unequal 
increments along the aperture will result however in an array with an aperture which is not fully filled. 
As the array becomes less filled jie thinned, the mean side lobe level will increase and therefore the 
amount by which the number of elements may be reduced is limited. 


Calculations were done on arrays with an inter-element spacing law of the form:- 
4 nel) = A+ Bexp(an), (n @ 1, 2, 3 - etc) -.see-4ek 


where 


n = number of elements from the array centre (+ re integer) 
A, B and a are constants 
dainel) ” spacing between the nth and (n+1)th element 

» 


This type of law was chosen because there are indications in the current literature’ that an attenuated flat 
grating plateau would result. No theoretical analysis has been done to choose values that would optimise 
the array perforwance and therefore the choice of values is empirical. Ten different inter-element spacing ! 
laws, all of the form given by equation 4.1 were considered initially (Table 4.1). These values were 

chosen because they resulted in an array epproximately 3.5 ft tong with between 26 and 32 elements. Com- 
puter simulation runs were done and two distributions were chosen for further investigation because of their 
superior sidelobe performance. The two arrays chosen for further study are: 


1) 30 element array with inter-element spacing defined by 
dn n+l) = 0.05 + 0.05 exp (0.05n) ft eeeeeeeh4e2 
2) 28 element array with inter-element spacing defired by 


4a nel) = 0.05 + 0.02 exp (0.15n) ft seeeee Gad 


The simulation program results obtained from considering these arrays is reported in section 5. The 
radiating elements are identical to those considered in section 3 and the assumed far field radiation 
pattern is shown in FIG 3.1. 


3 SIMULATION PROGRAM RESULTS 
5.1 VARJATION OF BEAM WIDTH WITH SCAN ANGLE 


The theory of scanned arrays predicts that the beamwidth will increase as the beam is scanned such 
that, 
¥v 


8, s 8, sec yp covvccededel 


where 
¥ = scan angle ' 
@ = Beamvidth in the broadside position 
6 


= Beamwidth at the scan angle ¥ 


The increase in beaowidth with scan angle expressed in equation 5.1.1 has been proved for equally 
spaced arrays by several workers 34, Results determined in this study have proved that equation 5.1.1 
also applies to arrays with unequal inter-element spacing. The graphs of beaswidth against scan angle 
are shown in FIG 5.1.1 for the 36 element array defined in section 3 and in FICS $.1.2 and 5.1.3 for the 
unequally epaced arrays defined in section 4. Very good agreement with equation 5.1.1 was obteined in all 
cases. However, as the ecen angle was increased above 30° the assumed element for field radiation pattern 
displaced the actual beam centre and equation 5.1.1 became inaccurate for larger scan angles than 30° 
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5.2 LOSS OF GAIN DUE TO PHASE QUANTIZATION 


The loss of gain due to phase quantization up to a scan angle of 10° was calculated for each of the 
three arrays. The calculations were done for three and four bit phase shifters in the case of the 36 ele- 
ment array and for four ‘bit' phase shifters in the case of the arrays with the unequal inter-element. 
spacing laws (FIG 5.2.1, 5.2.2, 5.2.3 and 5.2.4). The loss in gain varies in all cases in a random way 
as the scan angle is changed. However, the results agree essentially with those obtained by Summers? for 
a particular array with equal inter-element spacing, in that the losses are all of the order predicted by 
Miller‘. 


5.3 BEAM POINTING ERROR 


The beam pointing accuracy is essentially a function of the number of ‘bits' available to steer the 
beam. Closely linked with beam pointing accuracy is beam granularity. Granularity is defined as the 
smallest realisable increment between adjacent beam positions and is caused by the finite number of phase 
steps available to scan the beam. Naturally the beam granularity decreases as the number of bits is 
increased. 


The beam pointing accuracy of the array is presented in tables 5.3.1, 5.3.2, 5.3.3 and 5.3.4. Tables 
5.3.3 and 5.3.4 have included in them calculations on identical array which have equal inter-element 
spacing for comparison. The errors in all four cases are essentially random with both positive and nega- 
tive errors occuring with approximately equal frequency. The peak errors are generally greater than those 
obtained by Sumuers~, who used an optical feed to destroy the periodicity of the phase errors that occur 
with digital phase shifters. However the results show Millers+ statistical estimation to be pessimistic 
by approximately a factor of 1.3. It is of interest to note that the results obtained with unequally 
spaced arrays are slightly inferior to those obtained with equally spaced arrays. It was determined that 
no mechanism inherent in the characteristics of space tapered arrays caused this effect, but rather the 
angle of scan chosen for these measurements were unfortunate. Other scan angles gave lower magnetudes of 
error and we therefore conclude that the RMS beam pointing error is a function of the number of ‘bits’ per 
phase shifter and not a function of the element spacing law. 


5.4 BEAM GRANULARITY 


The beam granularity was estimated by scanning the main beam in 0.075° steps. The array is steered 
from the centre. The feed system is cophasal and it is expected that the granularity will be largest near 
the broadside position because the end phase shifters cannot reset until the demanded scan angle is large 
enough. The results of the beam granularity measurements done on the four arrays are shown in tables 5.4.1 
and 5.4.2. The granularity of the equally spaced 4 'bit' array is largest close to the broadside position 
being approximately 0.1°, but then decreases to approximately 0.075° for demanded scan angles greater than 
0.59, The unequally spaced element arrays appear slightly less granular about the broadside position but 
the average is similar to that of the equally spaced array. 


5.5 EFFECTS OF SPACE TAPER ON GAIN AND BEAMWIDTH 


As no phase randoming feeds are used the beam in the broadside position will be identical to that of 
a non~scanning array. It is therefore possible to investigate the effects of space tapering without 
scanning effects interfering with the measurement. 


As expected the gain of the arrays with the exponential spacing law was uneffected by changes in the 
spacing law. The unequal spacing law did, however give rise to a change in the 3 dB beamwidth of when 
compared with that of an array of equal length and a similar number of elenients but with equal inter- 
element spacing. To investigate the effect on beamwidth of varying the exponential term in equation 4.1 
the aerial aperture was allowed to vary. The constants A and B were kept at constant values while a was 
allowed to vary with both positive and negative values. A graph of a against the difference in beamwidth 
of a similar equal spaced array is plotted in FIG 5.5.1. The graph is essentially linear for small] values 
of al, but the change in beamwidth is not so great for large values of |a|, and hence the graph tends 
to become non-linear. These non-linear portions of the graph may be explained thus. As a becomes more 
negative the exponential term becomes less significant and the inter-element spacing approaches A as a 
approaches minus infinity giving rise to no change in beamwidth. As a becomes very large the beamwidth 
approaches a Dirac delta function and the significance of the exponential law will decrease rapidly as 
@ approaches infinity. The effect that causes a change in beamwidth when the elements of an array are 
specially tapered has nct been theoretically investigated. Such an investigation may however, prove 
necessary as this effect will have to be taken into account when designing aerials with an inter-element 
spacing law of this ctype. 


5.6 SIDELOBE PERFORMANCE 


Results of the sidelobe performance calculations for the three arrays are presented here as histograms. 
(FIGS 5.6.1, 5.6.2 and 5.6.3). They have each been drawn in two sections; the total sidelobe performance 
when scanning to 10°, and the sidelobe performance when scanning to 5.5°. This has been done to separate 
those sidelobes that are due to grating lobes when the scan angle nears 10° from the sidelobes due to the 
array factor and phase quantization which would not normally contain contributions from grating 1obes, ie 
when the scan angle is small. 


The 36 element array when scanned to + 10° does net, as predicted, contain contributions from grating 
lobes, however there are large sidelobes occuring very close to main beam (FIG 5.6.4). These sidelobes 
are due to the periodic nature of the array equation and in the absence of the assumed element far field 
radiection pattern would decrease according to a sin x/x law. These sidelobes can be decreased in the 
normal way by introducing an amplitude taper across the array aperture, although a corresponding reduc- 
tion in the gain of the array is inevitable. The results presented here are for arrays utilising four 
bit phase shifters. The results obtained from the 36 element array using three bit phase shifters have 
not been included. They do, however, indicate thet unless some form of phase radomizing feed is used the 
peak sidelobes due to phase quantization when three bit phase shifters are used will be approximately 
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713 dB as compared with -19 dB in the case of four bit phase shifters. Reducing the number of elements 
increases the mean sidelobe level, which is also a function of the number of bits, thus it was decided 
that to obtain the desired sidelobe performance four bit phase shifters would have to be used. 





| 

The main reason for choosing spaced tapered arrays for further study is the likelihood of obtaining a 

better sidelobe performance for a given number of elements. Because the inter-element spacing is no longer 

equal the periodicity of the far field radiation pattern equation is lost either fully or partially. There- ; 

fore substantial reduction of grating lobes will result if the spacing is chosen correctly. i 
In FIG 5.6.2 it can be seen that a number of large sidelobes appear between the scan angles of 5.5° i 

and 10° whilst from FIG 5.6.3 relativel: few large sidelobes are caused by the increase in scan angle, 

therefore it appears that equation 4.3 results in an array with superior grating lobe suppression than ! 

equation 4.2. The effect of flattening the grating lobe can be further illustrated by refering to 

FIG 5.6.5 and 5.6.6 which are computer drawn representations of the far field radiation patterns of the 

arrays. For comparison the far field radiation pattern of identical arrays with equal inter-element 

spacing are included. (FIGS 5.6.7 and 5.6.8.) 


It can be seen from FIGS 5.6.5, 5.6.6, 5.6.7 and 5.6.8 that the effect of unequal spacing is to spread 
the grating lobe over a greater angle whilst reducing its magnitude and widening the main beam. 


6 SIMPLE STATIC SPLIT SYSTEM 


In certain applications a static split type of aerial may be required. In non-scanning linear arrays 
a switching system is used to convert the array from a cophasally fed array to an array which has one half 
of its aperture fed in antiphase to the other, thus giving a static split array. When digital phase shif- 
ters are used to steer the beam the static aplit can be achieved without mechanical switching by simply 
adding (or subtracting) the most significant bit (180°) to either half of the array. Computer drawn far 
field radiation patterns of arrays whose left hand elements are fed 180° in advance of the right hand ele~ 
ments are shown in FIG 6.la and 6.1lb. These patterns are derived from arrays whose spacing laws are defined 
by equations 4.2 and 4.3. The actual choice of array depends on the application and thus exercise was done 
sitply to demonstrate the ease in which such a far field characteristic can be achieved from any linear dig- 
ital phased array. 


CONCLUSIONS 


7 The initial requirement of a + 10° scan range set the minimum number of isotropic elements required 

. to fabricate a 3.5ft long array at 42. It has been shown that the relatively small scan angle and the 
elements fer field radiation pattern allowed this number to be reduced to 36, whilst still avoiding Large 
secondary (grating) lobes appearing in real space. Further reduction in the number of elements was achieved 
by considering arrays with unequal inter-element spacing. Calculations performed on the two unequally spaced 
arrays defined by equations 4.2 and 4.3 have show that grating lobes may be reduced by 6 dB if this type 
of exponential spacing law is used. The 28 element array whose spacing law is defined by equation 4.3 gives 
a superior sidelobe performance to the 30 element array whose spacing law is defined by equation 4.2. The 
losses due to phase quantization, the beam pointing error, and the beam granularity have been found to be 
independent of the inter~element spocing law and are essentially a function of the number of bits per phase 


shifter. 
However the sidelobe performance of the arrays may be improved in two ways. 
1) The array is fed with an amplitude tapered signal 
2) The array is fed via a phase randomizing network 


The first of which is a long established method of tailoring radiation characteristics, the second method 
however will reduce the peak sidelobes due to the periodicity of the phase errors that occur with digital 
phase shifters. The randomizing network usually takes the form of an optical feed5, which also gives an 
excellent non-dispersive feed. The optical feed has been investigated thoroughly by other workers and the 
reader is referred to the references for detailed discussions. 


The 3 dB beamidth has Leen found to be a function vf the spacing law and has been found to vary as the 
exponential constant, a, is varied for a given array aperture. This effect will have to be taken into 
account when designing an array of this type. A theoretical analysis of the effect cannot be found by the 
author in the literature and a detailed analysis would possibly be a useful exercise for future work. 


Contributed by permission of the Director REE. Copyright Controller H.B.M.C.O. 
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TABLE 4.1 INITIAL ARKAYS PROPOSED FOR INVESTIGATION 


PEAK PEAK (MILLER) 
(BEAMWIDTHS) | (BEAMWIDTHS) 


PEAK (MILLER) 
(BEAMWIDTHS) 





TABLE 5.3.3 BEAM POINTING ERRORS OF ARRAY DEFINED BY EQUATION 4.1 


4 BIT. 30 ELEMENTS SPACE TAPERED 4 BIT. 30 ELEMENTS EQUAL 
scan | ARRAY (EQUATION 4.1) INTER-ELEMENT SPACING 
ee BEAM POINTING ERROR (BEAMWIDTHS) | BEAM POINTING ERRON (BEAMWIDTHS) 


0.038907 0.02092 0.036813 0.018816 
0.038867 0.02349 0.013856 0.006355 
0.017516 0.00775 0.013295 0.011870 


4 BIT. 28 ELEMENT, SPACE TAPERED 4 BIT. 28 ELEMENTS EQUAL 
ARRAY (EQUATION 4.2) INTER-ELEMENT SPACING 


0.046025 0.021903 0.043783 0.0215789 
0.019334 0.011376 0.010129 0.005281 
0.024313 0.01280 0.038306 0.018876 
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Fig.5.2.3. Loss of gain due to phase quantization of the array defined by Equation 4.2 
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Fig.5.6.2 Side lobe histogram; 30 elements, spacing defined by Equation 4.2 
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Fig.5.6.3 Side lobe histogram; 28 elements, spacing defined by Equation 4.3 
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Fig.5.6.4 Far field radiation pattern of a 36 element array with equal inter-element spacing 
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Fig.$.6.5 Far field radiation pattern of a 30 element array with spacing law defined by Equation 4.2 
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Fig.5.6.6 Far field radiation pattern of a 28 element array with spacing law defined by Equation 4.3 
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Fig.5.6.7 Far field radiation pattern of a 30 element array with equal inter-element spacing, and of identical 
length to the array defined by Equation 4.2 
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Fig.5.6.8 Far field radiation pattern of a 28 element array with equal inter-element spacing and of identical 
length to the array defined by Equation 4.3 
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ABSTRACT 





The environment in which Airborne Early Warning (AEW) radars must be able to operate, in the future, 
presents some severe problems to the designer in many important respects. These include the need to operate 
over land, the need to detect very small targets (<1m2) at long range and the need to be able to operate 

in the presence of jamming. 


It is shown that the single most important factor influencing the ability of the AEW radar system 
to operate in thie future envirotment ie the antenna's sidelobe performance, In general, this sidelobe 
performance is dominated by the airframe on which it ie mounted. Careful design ia needed, considering 
both aerodynamic as well as electrical aspects, before an overall optimal system configuration can be 


determined. 


Once the antenna sidelobe performance has reached an acceptable level, it is then found that the 
next limitation is that due to errore in the compensation of platform motion, Recent advances in digital 
Processing technique offer many advantages in connection with moving-targer indication (MTI) but these can 
only be realized when the platform-motion compensation is sufficiently accurate, The various system 
considerations governing this performance are discussed and the requirements reflecting on the antenna 
performance described in detail. 


1. Introduction 


A paper? was presented to the Eighth Symposium of the Avionics Panel in 1964 which dealt with some 
of the basic considerations in the design of an airborne early-warning radar, with particular reference to 
that used on the E-2A carrier-based system. This used a low prf mainly because of its feature of unambiguous 
range. It is of interest here to examine the applicability of this type of technology to a larger aircraft, 
specifically a modified Lockheed Electra turbo-prop, designated as the P-3 by the U.S. Navy. 


Of great importance in such a radar is the detection performance and this is largely determined 
by that of ite AMTI sub-system. This, in turn, is critically dependent on the effectiveness of the plat- 
form motion compensation. What ie in mind is a system in which the velocity components normal to the 
antenns sperture are corrected by some variant of TACCAR* and these components parallel to the antenna 
aperture by some technique similar to DPCA**, 


It is of interest to determine what are the ultimate bounds on the detection performance of such 
@ syetem preparatory to quantifying their effects and establishing an optima] design. It is well known 
that certain types of terrain give rise to large clutter returns which can effectively mask the returns 
from small targets and prevent their detection. Coherent integration, multiple-delay cancellation and 
improved system characteristics can be used to improve the detection performance, but each exacts a price 
in system-cost so that the problem reduces to one of determining the improvement in performance and its 
associated cost in hardware for each addition. It is shown below that the antenna sidelobe performance 
has a crucial effect on the system performance, in general, and determines the lowest operating frequency 


that can be used. 
2. AMTI_ Considerations 


MTI improvement factor is defined as the ratio of the output signal-to-clutter ratio to the input 
signalt-to-clutter ratio, It has been derived in Ref. 2 for single, double, and triple-delay cancellezs 
and elsewhere for an n-stage MTI (Ref. 3). Figure 1 shows the MTI improvement factor (I,) as a function 
of the ratio of the clutter spectral width (o,) to the pulee repetition frequency (PRF). The system 
characteristics which limit the MTI improvement factor can be related to an effective clutter spectral 
width and to a shift in the mean of the spectrum. The total clutter spectral width is given by taking the 
square root of the sum of the squares of 211 the individual spectral widths. This assumes statistical 
independence between the individual contributions. 


*TACCAR is an acronym for Time Average Clutter Coherent Radar, A system developed by Lincoln Laboratory 
of MIT. By general usage TACCAR now refere to the technique which was the special feature of that system. 


&*DPCA is the acronym for Displaced Phase Center Antenna, a technique which simulates electronically the 
metion of the antenna aperture in its own plane. 
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The achievable MTI improvement factor for an operating AEW system is limited by the internal motion i 
of the clutter itself and also by system considerations. Specifically, these limitations arise from: i 


1, Platform motion 

2. Antenna sidelobe levels 

3. Antenna scanning modulation 
4. System stability 


To determine the relative importance of each of these contributions, they are considered separately and 
illustrated in Fig. 1. 


A typical value for the spectral width due to internal motion of overland clutter is 0.2 merers/ 
second (Ref. 4, Chapter 17). Figure 1 shows that the MTI improvement factor for this condition is 40 dB 
for a single canceller, 78 dB for a double canceller, and 114 dB for a triple canceller. If the system were 
limited by internal motion then all practical requirements could be met easily by the use of a double 
canceller. 


Platform motion can be resolved into two components, one parallel to the antenna aperture and one 
perpendicular to the antenna aperture. These components have the effect of both spreading the spectrum of 
the clutter returns and shifting the mean of the spectrum. The relationship for the spreading of the 
spectrum is given in Ref. 4, Chapter 18, Using typical parameters (a platform velocity of 300 knots, an 
aperture of 25 feet and a prf of 300 Hz), Fig. 1 shows that the MTI improvement factor is about 15 dB for 
a single canceller, 25 dB for a double canceller and 35 dB for a triple canceller with the antenna aperture 
parallel to the velocity vector. For this case, many practical requirements cannot be met with either a 
single, double or triple canceller. Rather than go to higher order cancellers, other processing techniques 
should be employed. 


With the antenna aperture perpendicular to the velocity vector, the dominant effect is the shifting 
of the mean of the clutter spectrum. The mean of the doppler spectrum is determined by the platform velocity 
and the transmitted frequency and generally requires compensation for successful MTI operation. 


Since the antenna sidelobes essentially cover 360°, the doppler shifts received through the side- 
lobes range from “Vp (v, is the platform velocity) to Wp: This doppler spread can cover the entire MTI 
ambiguous frequency band. As a result, these sidelobe returns are not cancelied and the MII improvement 
factor is limited by the integrated mainlobe-to-sidelobe ratio. This is the ratio of the integrated energy 
entering the system through the mainlobe to that entering through the sidelobes for the two-way antenna 
pattern. 


The effect of antenna scanning modulation on the clutter spectral width is given in Ref, 2. It is 
affected by the antenna scanning, the antenna aperture, the transmitter frequency, and the PRF, Most 
requirements can be met without compensation for this effect. 


System stability is greatly simplified by digital processing which allows one clock to control the 
entire system including the MTI delays. However, the pulse-to-pulse phase instability of the transmitter is 
not eliminated by digital processing, so that the performance of the ogsten could be limited by the trans- 
mitter stability. Excluding the transmitter, a clock stability of 10°° is within the state of the art. 

The corresponding MTI improvement factor (referring to Fig. 1) ia 22 dB for an single canceller, 42 dB for 
double canceller, and 62 dB for a triple canceller. Again, most requirements can be met with one or other 
of these cancellers, 


The conclusion is that the factors which limit the improvement factor are antenna sidelobes and 
platform motion. 


It has been seen that unless a correction is made for the shift in the mean of the clutter spectrum, 
then MTI is impossible. TACCAR makes thin correction by phase-locking the system to the clutter returns, 
A phase-lock loop is gcted on at a selected range interval. The time constant of this phase-lock loop 
must be large compared with the interpulse period in order to maintain pulse-to~pulse coherency needed for 
successful MTI action. This results in a single correction for all ranges. However, the average doppler 
changes with range since the angle of arrival varies with range for an aircraft flying at sowe altitude 
avove the earth's surface. 


The effect of this incomplete correction results in « smaller MTI improvement factor. This decrease 
in the improvement factor is derived elsewhere (Ref. 3). It is a function of the ratio of the correction 
error and the clutter spectral width. For a typical set of parameters, these losses due to TACCAR are 
dllustrated by Fig. 2 when the antenna is pointed in the direction of the aircraft velocity vector. 


DPCA is a technique that compensates for the component of aircraft velocity parallel to the antenna 
yorture. This js accomplished by etther physically or electrically displacing the phase center of the 
| anna in the direction opposite to the velocity component. A detailed discussion of DPCA, on which the 
-ollowing 1s based, is given elsewhere (Ref. 5). 


A single canceller MT{ can be almost perfectly compensated by DPCA with essentially no loss. It can 
be shown (Ref. $) that for double, triple or higher-order cancellers, only the first canceller 4s compensated. 
This results in an imperfect compensation so that the effects of platform motion are not completely eliminated. 
This to tllustrated in Pig. 3 for a typical set of parameters. 


The MTI improvement factor for a single canceller with DPCA coincides with the perfectly compensated 
curve, The improvement factors for double and triple cancellere are much less than the perfectly compensated 


curves. 
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If the system stability can be increased from 1078 to 1079, then the improvement factor will be 
limited by scanning modulation. From Fig. 3, a UHF system is limited by scanning modulation and DPCA 
losses when the antenna is pointed broadside to about 30 dB for a single canceller, 50 dB for a double 
canceller and 62 dB for a triple canceller. 


The use of coherent integration can ease the requirements on the AMTI (Ref. 6). Thia technique 
corresponds to doppler filtering as used in a pulsed-doppler radar, except that for a low-PRF radar only 
a very limited number of pulses can be integrated before the return from a moving target moves out of the 
range cell, Typically sixteen pulsea can be integrated. This corresponds to a theoretical integration 
gain of 12 dB for a perfectly coherent signal in "white" noise. However, neither of these conditions 
applies, First, sa perfectly coherent signal (or target return) implies that the doppler of the return ia 
such that its frequency is at the center of one of the filters in the bank of filters formed by the coherent 
integration. Second, the clutter residue from the MTI is not "white", The problem then is to determine 
how much gain in signal-to-clutter ratio can be expected from this technique. 


The integration of 16 pulses with no weighting provides 16 contiguous filters covering the 
frequency band from zero to the pulse repetition frequency. With no weighting, the filters have a (sin x)/x 
frequency response. Since the doppler of the target returns are not known, they are assumed to hava a 
uniform probability of occurring anywhere in a particular filter between the cross-over points of adjacent 
filters. Averaging the signal gain over this band results in a losa in coherent integration gain of about 
1.1 dB for “white” noise. If weighting functions are used to get some desired filter sidelobe level 
additional lcsses occur depending on the weighting function. Therefore, a net gain of about 10 d3 could be 
expected for "white" noise. 


Since the clutter residue from the antenna sidelobes cover all frequencies in the band from sero 
to the pulse repetition frequency, this 10 dB gain can be applied to this residue as well as other components 
of the clutter residue. Reference 6 shows that the improvement factor achieved against mainlobe clutter 
(which is not white) is much more than 10 dB. It is typically about 24 dB depending somewhat on the type 
of MTI used, 


As will be shown below, the antenna sidelobes can be reduced when the transmitter frequency is 
increased. However, this solution affects the doppler processing. Over land, at L-band with a eystem 
stability factor of 1079 the effects of internal motion, scanning modulation, and system stability are 
illustrated by Figs. 3 and 4. Referring to these figures it can be seen that the effect of scanning 
modulation dominates the other effects. For a double canceller these limitations are about 25 dB for 
scanning modulation and TACCAR losses (antenna at + 90°). If the TACCAR losses and the DPCA losses could 
be eliminated, then the limitation to the MTI improvement factor caused by scaaning modulation at L~band 
is about 55 dB for a triple canceller (see Fig. 4). Reduction of these losses, are discussed in Refs. 3 
and 5, consist of making TACCAR corrections at additional points in range and applying a DPCA correction 
to all cancellers, 


In summary, to insure adequate performance, a typical set of system specifications would be: 


l. Integrated mainlobe-to-sidelobe ratio - 60 dB (two-way) 
2. System stability factor - 10-9 (pulse-to-pulse) 

3. Transmitter stability factor ~ 10-9 (pulse to pulse) 

4. Triple canceller MTI 

5. 16-pulse coherent integration 

6. TACCAR correction at 3 pointe in range 

7. DPCA correction of all 3 cancellers 


3. Antenna Considerations 


It is helpful (Ref. 4) to separate the improvement factor associated with the antenna (I,) into two 
parts -~ that due to the energy entering through the sidelobes (Ig) and that due to imperfect platform 
motion compensation over the mainlobe (Ippc,). 


Wt, 7 We + LW/Typca 


The improvement factor determined by the energy entering through the sidelobes ie equal to the 
integrated mainlobe-to-sidelobe ratio, 


* 94 4 
Te, " £, 2 (8) do / SE (8) d0 


sL 


Consequently it ie directly releted to the antenna performance when the antenna is mounted on the sircraft 
and in independent of other system factors. The mainlobe-to-sidelobe ratio is a quality factor for the 
antenna when used in thie type of radar. 


The improvement factor associated with the motion compensation over the are corresponding with the 
beamvidth of the mainlobe is dependent on the shape of the sum and difference rainlobe patterns but aleo 
on the signal proceseing used. It {e susceptible to improvement by the use of higher-order cancellation 
and motion compensation and so, in principle, its influence on system performance can be made negligible. 


In general, when a large radar antenna is mounted on an aircraft, there is a deterioration in 
performance. This becomes evident in increased sidelobe levele resulting in decrsased values of mainlobe- 
to-sidelobe ratio and alwo in distortion of the mainlobe patterns resulting in poor compensation of the 
velocity components parallel to the antenna aperture, These effects arise from the presence of the aircraft 
structure close to the antenna. Three ways in which the antenna field cen be perturbed are (a) blockage 
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i of the antenna aperture by parts of the aircraft such as the wings and tails, (b) scattering from surfaces 

: such ae the tops of the wings, and (c) excitation of currents in the aircraft's avrface by the naar fields 
of the antenna. Al! three of these sources of pattern perturbation tend to decrease in effect with 
increasing frequency whereas it is advantageous otherwise to decrease the operating frequency. Consequently, 
for optimal design, it is necessary to determine the lowest frequency at which the aircraft perturbations 
will perait the required improvement factor to be achieved. 


A great deal depends on the aircraft design. To minimize blockage and scattering the wing-tips, 
nose and tail should be so located that their depression angles from the horizontal plane through the 
antenna should be as large as possible. To minimize direct excitation by the near-fields of the antennas, 
the distance of the antenna from the nearest conducting surface, expressed in wavelengths, muat be maximized. 





The P-3 aircraft (see Fig. 5) is an attractive candidate for such an AEW platform, except for the 
effect of its large tail which bisects the antenna beam as it sweeps around the rear of the aircraft. 


In Fig. 5 is pictured a P-3 with a rotodome antenna mounted on it. Such an antenna consists of { 

an antenna array and corporate feed integrated with a radome, the whole structure being rotated mechanically i 
as one unit. Possible frequencies of operation being considered for this system are UHF and L-band. 
| 


4. Scale~Model Experiments 


A scale-factor of 1/7 was chosen for these experiments. This conveniently put the scale-model 
frequencies into S-band and X-band. Three scale-model antennas were procured: a ten-element array | 
antenna end a twelve-element array antenna, both operating at S-band and therefore corresponding to full- i 
scale VHF antennas, and a slotted-waveguide array antenna operating at X-band, and therefore corresponding ' 
to a full-scale L-band antenna. ; 


A schematic diagram of the ten-element array antenna is shown in Fig. 6. It can be seen that 
symmetrically placed elements are taken to hybrid couplers, the outputs of which are summed in separate 
networks to give sum- and difference-pattern output ports. The element weights were chosen to give Dolph- 
Chebyshev sum patterns, with a peak sidelobe level of -32 dB. The elements themselves are Yagi arrays 
split in the vertical piane so that the antenna could be considered as a twenty-element array antenna, : 
equally well. The elements are spaced a wavelength apart with grating lobes minimized by shaping of the 
element patterns. 


A 1/7 scale-model of the P-3 aircraft was constructed for these tests and is shown in Fig. 7 
mounted on the antenna range. This was a ground-range carefully levelled and cleared so that sidelobe 
levels can be measured accurately to -60 dB and usefully down to -80 dB. The measured data were recorded 
directly on magnetic tape to permit processing afterwards using a large-scale digital computer. In 
general, the antenna patterns were plotted to a convenient format and the integrated mainlobe-to-sidelobe 
ratio calculated and recorded at the same time. The results for an elevation angle of -2° are shown in 
Fig. 8, These are plotted on polar graph paper to show the effect of the aircraft geometry on the side- 
lobe performance. The effect of the tail can be seen to be large. Also shown is the free-space 
performance of the antenna. It can be seen that the performance did not deteriorate greatly when the : 
antenna was mounted on the aircraft except over the tail. Also shown is the DPCA performance, assuming : 
the use of a double canceller. It can be seen that this actually is inferior to the sidelobe performance 
near broadside. These same results are presented differently in Fig. 9. This makes clear the basic 
nature of the sidelobe limitation on the improvement factor. : 


The elevation characteristics of this model are shown in Pig. 10. The flat behavior is to be 
noted. The behavior over the nose (0°) is typical but that over the tail (180°) is still reasonably 
good. 


The twelve-element array antenua was carefully designed for good sidelobe performance, Its main~ 
lobe-to-sidelobe ratio in free space ia some 10 dB better than that of the ten~-element array antenna, It 
achieved this by reducing the spacing between elements so as to eliminate the grating lobes and by care- 
ful attention to the detailed design of the central elements. Its schematic diagram is shown in Fig. 11. 
Tt can be seen there that only the sum pattern is implemented in this antenna. A photographic view of 
thie antenna is shown in Fig. 12. 


The polar diagram measured for this experiment is shown in Fig. 13 to the same reference as that 
of Fig. 8. The free-space performance in now represented by the center point of the diagram. The general 
behavior ie wuch improved except over the tail. This can be seen better in Fig. 14, There is now a 
larger discrepancy between free-space and on-aircraft performance indiceting that direct excitation is 
now becoming a significant factor. If this could be suppressed, excellent performance could be achieved 
outside the tail region. 


i Figure 15 confiras the generally flat behavior available in elevation. This seans that good 
performance can be maintained down to short-range. : 


The slotted-waveguide array was designed to a Dolph-Chebyshev characteristic with a peak side~ 
lobe level of -46 dB. The free-space performance was measured to be sumewhat inferior to this and with 
: 8 wainlobe-to-sidelobe ratio some 20 dB superior to that of the ten-element array antenna, The schematic 
rf : diagram of this array is shown in Fig. 16. It consists of eight waveguides (sticks) excited uniformly 
: by a single manifold. A view of the completed antenna is shown in Fig, 17. 
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Some of the results obtained with this antenna are shown in Fig. 18. Characteristics for 
elevation angles of -2°, -8°, and -12° are shown. The effect of the wing can be obeerved in the i 
characteristic for -12° and the effects of the nose and engine nacelles can be observed in varying degree { 
in all cases. The effect of the tail is comparable to that observed in the UHF case except that it is ; 
restricted to a narrower sector because of the narrower antenna beam. 


The elevation characteristics for this L-band experiment are shown in Fig. 19. It can be seen i 
that the free-space performance of this antenna decreases quite rapidly with increasing depression angie. } 
This has been traced to the presence of a two-peaked sidelobe at a wide angle, symmetrically placed around ‘ 
the azimuthal principal plane. The source of this sidelobe has been attributed to an error made in the ' 
construction of the manifold. The effect of this error is significant on the on-aircraft characteristics, i 
particularly at the larger depression angles. The characteristics for the 100° look-angle is typical. 
This deterioration affects performance at the shorter ranges such as 20 miles or so. 


Discussion 


It was found useful to establish a theoretical background for these experiments by computing the 
antenna patterns of the various antennas in free space and also when mounted on the aircraft. This latter 
was done by establishing an aperture at a distance from the aircraft sufficient to clear all obstacles i 
and then to compute the field in this aperture due to each element with suitable provision made for } 
reflection and shadowing by the aircraft structure. These contributions were than summed and the Fourier 
Transform taken to determine the far-field pattern. It was found from the results of these computations : 
that tolerances had to be met of about 5° in phase and 0.5 dB in amplitude for each element. Also, the \ 
major effects over the tail and nose are due to shadowing. Elsewhere at UHF, direction excitation by the 
near fields of the antenna was evident. 


The moat serious problem in this system is the poor performance over the tail, This occurs over 
a narrow sector and may not be to significant operationally. Two ways of dealing with this would be 
(a) to replace the metallic tail with a dielectric one designed to minimize blockage and reflection, 
(b) re-design the aerodynamic structure so that the tail does not intrude into the antenna beam. This 
would be done by adopting a multiple tail or bv placing the rotodome on top of an elongated single tail. 
The latter approach involves too drastic a modification of the aerodynamic design, so that the multiple 
tail is preferred. ; 


The best solution appears to be the adoption of a multiple-tail design with each component made 
from dielectric materials in such a way ag to minimize reflection and shadowing. This should be sufficient 
to bring the performance up to an appropriate level. 


Conclusions 


The detection performance achievable with a low-prf airborne radar is limited by direct excitation 
of the aircraft at UHF. This limitation is no longer a factor at L-band but care must be taken to minimize 


reflection and scattering. 
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Fig.7 The scale-model of the P-3 
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Fig.9 Antenna characteristics: ten-element array 
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Fig.15 Elevation characteristics: twelve-element antenna 
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Fig.t8 Sidelobe characteristics: slotted-waveguide array 
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Fig.19 Elevation characteristics: slotted-waveguide array 
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DISCUSSION 


J. THRAVES: Would you indicate the side lobe levels that you have achieved on the 
difforent aerial systema you have described. 

In particular with the L Band slot arrays does the mentioned level of 40dB also include 
the inevitable crosa-polarised level obtained with the use of such slots. What means was 


used to control then? 


gL. RHYS: In the azimuthal principal plane, the 10-vlement antenna patterns show a 
peak sidelobe level of 234B for the main polarization and 34daB for the cross-polarization. 
The corwesponding figures for the 12 element antenna are 30GB and 32dB. 
For the slot antenna mentioned in the paper, the sidelobe level is generally about 42dB 
except for a couple of sidelobes which have a peak level of 364B. The cross-polarized pattem 
shows two lobes symmetrically placed at + 50° with respect to boresight at the same level 
of 3645. 
ft cross-polarized_energy was achieved by adjusting the depth of the 
gioures beween tne waveatiae bticke. It is -believed that this chores gould be much reduced 
by a more carful construction of the gutennes manifold, but this was not pursusd because the 
performance was adequate for he experiment of interest. 


Ast. SMITH: What type of radome structure was used? How was it designed to overcome the 
an sary ing incident angles near the tip? 
Was the rotodome tilted with respect to the aircraft axes and if so, what effect did thia 
have on the aerial pattern, assuming that it was desirable to keep the ridar beam horizontal 
8o that the beam passes asymmetrically through the radome tip. 


2L. AP RHYS: The aerial position is fixed with respect to the radome thus easing the 
design problems. Initially there were troubles with radome effecte on aerial patterns but 
these had been overcome. It was now possible to design radomes with exceptional performance 
using eandwich construction. 


TU. JACOBSEN: What effect on the cross-polerization had the random spacing of the wave= 
guides? And how did you know that this effect was caused by the random spacing? 


ZL. ae RHYS8: An error made in the construction of the manifold resulted in @ systematic 
error in the horizontal placement of the waveguide radiating stickse This resulted in 
corresponding slots falling out of line ond so reducing the effectiveness of the geometrical 
Gancellation scheme. This showed up es increased cross-polarization lobes at + 50° in 
azimuth with respect to boresight. 

The use of a computer simulation developed for this antenna confirmed that this systematé 
error was the source of this increased cross-polarization. This was still small and did 
not effect the results of the experiment. 


Riley qeAke: What were the effects of propellor modulation and the high tail 
and co ey be improved? gh tall structure, 


Tek. AP RHY8: Propeller modulation effects were not measured. However, the geometry of 
the system is such as to minimise them. A final @esign would have to balance the acrodynamic 
advantages of propellers egacnss their electronic disadvantages of limiting the performance 
in the forward aspect. It is believed that this limit would permit satisfactory detection 

performance. 

The current tail design ia unsatisfuctory. A great improvement could be obtained by 
ppdeberactes the present aerodynamic tail design but replacing its present conventional 
Qonstruction by one using dielectric materials such as to make it transparent at the operating 
frequency. Alternatively the single tail could be replaced by a multiple tail of reduced 
height but this woulda require extensive wind-tunnel tests. 
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AIRBORNE LOW-VHF ANTENNAS 
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SUMKARY 


This paper principally describes a blade type antenna design for airborne transmission and 
reception, with variants covering major sections of the overall frequency band frow 26 to 100 MHz. The 
first version, covering 30-76 MHz is shown in Figure 1, with internal construction 'ghosted' in. 


It uses miniature high-vacuum relays to tune via pre-selection of up to six binary-related 
{nductors, providing up to sixty four tuning combinations, with individual band widths varying from about 
=0.5 to 5.0 MHz. The relays are remotely controlled either manually or automatically, and the retune 
process can be virtually instantaneous upon both ‘receive’ and ‘ready to transait' modes, without having 
to be incepted by any period of transmission. 


Incorporation of a variable ~ tuning system was compelled by the specified combination of 
total frequency coverage and maximum allowable dimensions for the antenna. However, experimental 
investigations into the practical limits of broadbanding produced an antenna design fixed-tuned to cover 
38 to 46 MHz, which ie briefly described. 


The paper also provides brief description of a wideband VHF homing antenna which is now in 
process of field trials for Gazelle helicopters. The system is principally unusual in its use of antenna 
elements formed out of transparent metallic-film depositions upon the acrylic canopy of the helicopter. 


Production of the wideband T/R 
antenna system resulted from a new 
specification requirement for coverage of 
the total band 30-76 MHz, or preferably 
30~100 MHz, within dimensional and other 
characteristics permitting interchangeable 
fitment on aircraft types ranging from 
helicopters to supersonic fighters. In 
practice, this restricted size and shape 
more or less to that currently in use for 
blade antennas covering some 108-156 MHz. 


Basic design proved to be dominated 
by the further specification requirement that 
the complete T/R system maintains total radio 
Silence during possibly frequent changes in 
frequency of ‘receive’ or ‘readiness to 
transmit’. Apparently, currently available 
losation equipment can produce a ‘fix’ on 
tranemissions lasting only a small fraction 
of a second. 


This radio-silence requirement 
prevented retune-control of the antenna by 
the conventional process used in H.F. 
equipment, whereby phase and magnitude 
relationships of antenna input voltage and 
current are sensed, amplified, and used for 
servo-drive to antenna tuning-matching 
circuits. The sensing and retune process 
requires a transmission period of a few 
seconds upwards, even for ‘reception’ only, 
unless this latter can tolerate loss of 
sensitivity arising from antenna mistune. 


The antenna had therefore either 
to be retuned by the selection of pre- 
determined settings, or be broadbanded to 
cover the full frequency range at a single 
fixed - tuned setting. Figel 





The rore recent of VHF broadbggd blade antennas have achieved coverage of some 100-162 Kil 
i.e. & ratio of upper to lower fraquency *“/f] = 1.62, where the blade height ia equivales to some ya 
at the lowest frequency fl. For the required low-VHF band antenna, 30-76 MHs at ‘least, ““/f1 = 2.5, 


where a sicilar dimension now represents only some ¥Y26. Clearly not the acet hopeful situation! 
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Nevertheless, initial investigations were made into the possibilities for extending existing 
broadband techniques. Although not achieving the desired aim, these investigations did produce a design 
covering 38-46 MHz, in fulfilment of an alternative requirement. Figs. 2 and 3 show respectively the : 
antenna blade and its circuitry essentiale. : 





Fig.2 Fige3 


Radiation is principally via the elevated stray capacitance Cl to ground of the tubing section on 
top of the glass-fibre blade. The length of this tube is an insignificant fraction of a wavelength within 
the band covered, and vertically polarised radiation has an azimuthal pattern which is very substantially 


eilreular. 


Radiating capacitance Cl is resonated by high 'Q' inductor Ll. A part of Ll is common with a 
second resonant circuit L2/C2-C23, C23 being common with a third resonant circuit L3/C3-C23. The terminal 
connection is tapped across a part of L3, via a short coaxial line section, with a short-circuited stub in 


shunt. 


Figure 4 shows overall response in 

terms of V.S.W.R. relative to 5O ohms. at the 

terminal connector. V.S.#.R. rises very 

rapidly for frequencies outside the passband, 

and the experimentally - achieved design gave 

no indication of possible extension to cover 50 

30-76 MHz or more, since the triple-tuned 2 

circuit gave only moderate advantage over what = 30 

had previously been achieved using only two Yo5 

fixed-tuned circuits. > 
20 


Design effort was next directed at 
variable - tuning of one circuit only out of the 
twin-tuned arrangement, as shown in Fig.5A, 38 40 42 44 46 
which can be redrawn as 5B to show it more ¢ (MHz) 
clearly as a conventional band pass arrangement; 
This is tightly coupled by the fact of the 7 
whole of one tuning inductor (L2) being common Fig.4 
to both the fixed tuned circuit Cl/L1+L2 and 
the variably tuned circuit L2/C2+Cl2. Control 
of matching to the line is achieved by varying 
the ratio of 02 to Cl2. 





Fir.5B Fig.5a 


Radiation is, as before, from the elevated capacitance Cl, and the circuitry objective is to 
achieve effective radiation by considerable voltage mapnification across Cl. The voltages appearing 
across C2/C12/L2 are very much lower, thereby simplifying the problems of providing for variable tuning 
in a device which must accept the severe environment of external fitment on high-speed aircraft, 
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Nevertheless, the arrangement became abandoned in 
favour of the reversed arrangement of Figure 6, where the high- 
voltage radiating circuit is variably tuned by the inductor 
series Ll-1 to Ll-6 inclusive. The arrangements for providing 
and controlling change of total inductance value became the 
essential basis of the wide-range antenna design, of which the 
first variant is shown in Fig.l, using a mesh plate form for 
the radiating capacitance Cl. 


In Fig.6, the inductor series L1-1/6 comprises six 
printed circuit coils having inductance values in an approximately 
binary relationship. Departure from exact binary is due to 
mutual inductance between them, and because the stray inductance 
of interconnections is comparable in value to the smallest of the 
discrete inductors. Shorting-out from O to 6 coils provides a 
total of 64 combinations at constant increments, except for the 


etrays. rie.6 





Six of the possible inductance combinations will each, of course, be that of a single coil 
only, when virtually the full resonant-magnified voltage appears across that coil and its switching. 
When coils are shorted out of circuit, their switching must carry the full 2.F. current of the resonant 
circuit, and needs to have extremely low contact resistance in order not to become comparable with the 
quite low radiation resistance of Cl. 


This combination of switching requirements is met 
in remarkably small dimensions by the high-vacuum relay illustrated 
in Fig.7 (approx. full-size). The switching rod (r) pivots 
fvon a diaphragm (d) which forms one contact lead-out (C1), and 
which is also the seal between vacuum chamber (v) and the 
operating solenoid (s) and armature (a). A ceramic bead (b) 
provides low-capacitance isolation between the switching and 
operating parts of the rod. The vacuum chamber uses ceramic 
insulators (11/12), sealed to the lead-out contacts (C1/2/3). 
Although as shown it is a changeover device, in the antenna 
C1&2/C3 are used only as an open/closed contact pair. 





Fig.e7 


The plate radiator is provided by a fine mesh of stainless steel wires, moulded into the outer 
surface of the upper part of the glass-fibre shell which houses antenna circuitry. The moulding process 
leaves all wire intersections just exposed at the gluss-fibre surface, to minimise radio-noise problems 
arising from redistribution of static chargee acquired during high-speed flight. 


A requirement for this plate to have maximum effective height has to balance against the need 
for its capacitance Cl. to be substantial compared with non-radiating stray capacitances associated with the 
inductor series and their switching relays. This was experimentally compromised by mesh extending over 
the upper third of the shell, producing Cl about 10 pf at an effective height of about 0.3 metre. 


With the inductance values (all 6 coils in circuit) necessary to tune Cl to 30 MHz, the circuit 
strays of capacitance and inductance initially produced an upper frequency limit of 75 MHz, with all coils 
shorted-out of circuit. Howaver, in a later version, reduction of (particularly) the inductance strays 
allowed frequency range to extend up to 100 MHz, as currently available. 


The inductance-variation method used was found to provide a useful bonus, whereby it proved 
possible to couple between terminal and the antenna circuit via a ferrite-cored wideband transformer of 
fixed ratio. This arises because change in Q value of the series resonant circuit C1/L1-1/6 is of such 
form as to balance changes in the radiation resistance Rr of Cl. 


Fig.8 shows change of Q with change of inductor combination selected, in the absence of 
radiation from Cl. 58 set for low-frequency operation, overall Q is high, since the discrete high-Q 
inductance is large compared to the stray inductance, which has low Q value. This low Q predominates 
when the discrete inductors are all or most shorted out of circuit for operation towards the upper 
frequency limit. 


The general form of Q variation, 
ae averaged between the two dotted curves, 
is subject to cyclic variations, with Q 
peaking at each frequency tuned by a single 
inductor, For the next frequency above 
each such condition, all the asaller 
inductors will come into cireuit in place 
of the single larger onc, with an 
appreciable fall in overall Q Yor 
tunine to 30 MHs, wheve high Q is 
essential, the two emallest inductore are 
therefore excluded frow use. 
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Fig.8 
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Figure 9 shows the measured overall response of an early version of the antenna, in terms of 
passband f/af for V.S.W.R. 3.0 : 1 maximum, against the central frequencies tuned by each different coil 
combination. The dotted slopes mark bandwidths of 1,2,3,4,5 and 10 MHz (overall) respectively. As 
can be seen, inclusion of the two smallest coils to tune to 30 MHz reduces bandwidth marginally below 1 MHz. 
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Since it was not intended to use frequency~setting information finer than 1 MHz steps, a later 
design increased certain inductor values in order to tune down to 30.5 MHz (central frequency) by coil 
combination 3456 only. This then maintained at least 1 MHz bandwidth from 30 to 40 MHz, 2MHz from 40 to 
at least 50 MHz, and rising to 15 MHz overall bandwidth for the upper-frequency limit condition, where all 
coils are shorted out to tune by stray inductance alone. Above 40 MHz, therefore, there is an increasing 
redundancy of coil combinations if the 1 MHz frequency-setting steps are maintained. 


The antenna was intended for fitment onto a variety of different aircraft, producing possible 
considerable variation in effective ground plane area, or even in grounded metalwork relatively near to 
the mesh plate radiator. 


the shift of resonant frequency 
resulting from charge of flat 
ground plane size, from 8ft.x4ft. 
down to 4ft.x2ft., i.e. one quarter 5 
2 


Figure 10 curve A shows 4 
3 


0 
of the area. Curve B showa the 0 
very reasonable compensation A 
resulting from addition of a small & 4.9 
(34'%13") horizontal plate upon ey B 
the antenna top. However, the 
existence of redundant coil 0 
combinationa makes it possible = 
alternatively to correct for 10 
ground plane size within the 
antenna control circuitry, and 
provision for this has been 20 30 40 50 60 70 80 90 
incorporated into certain control # (MHz) 


units. 
Fig.10 

Antenna retune via the relays requires a nominal 25 volta WeC., with some 30-35 w/a per relay, 
4.@e200 m/a maximum total. Relays are so arranged that, when energised, they ahort-out the inductors, 80 
that failure of either operating solenoid or power supply leaves the antenna tuned below, rather than above 
the intended frequency, which has some marginal benefit. The inductor board and control terminal assembly 
inoorporate shunt diodes and filtercons to prevent unwanted transfer of signala in either direction between 
antenna circuit and the tuning contro] linea. 
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Remote-control retune of the antenna can be achieved by one of the following methods: 


a) A manually operated rotary switch unit, which must be reset separately from the T/R retune 
control(s). The switch unit has 30 positions, covering the total frequency range in 1 MHz 
ateps up to 40 MHz, thereafter including some greater bandwidths per step. 


b) Where associated with newly-developed T/R equipments, by incorporation of additional 
contacts onto the frequency-control switching of the T/R, for simultaneous control of both. 





Sos a aa 


i c) With existing equipments, by automatically following any retune of the T/R, via a solids 
: E : state ‘logic’ or ‘code’ converter operating from the same D.C. potentials as are used to 
F ; . control frequency setting of the T/R. The principal function of this converter unit is 
eg ; to change the code of the particular T/R into the near-binary code necessary for antenna 
sa control. 


EB J Only D.C. potentials exist at either input or output terminals of the logic converter, which i 
| : P : may be positioned anywhere between antenna and T/R unit, although adjacent to the latter is the usual. i 
pesition. The converter unit operates to follow any change in frequency cf either ‘receive' or ‘readiness i 
: . to transmit’, without the process needing to be incepted by any period of full or partial transmission 

en power, hence operating in total ‘radio silence’. 


4 . a Each type of logic converter comprises the following 3 basic units, plus a stabilised and 
4 filtered power supply operating from the aircraft nominal 28 volt D.C. line. 


a) The input isolating stages. Thsre is one isolator for each information line, to prevent 
any loading which might possibly affect T/R frequency control. As examples, the Arinc : 
Code 410 uses 10 lines for units and (all) tens of MHz, whereas the code for ARC 54 and t 
ARC 131 needs only 6 lines for units and tens of MHz from 30 to 75 MHz. ‘The above two 
. codes use only on-off information per line; as an alternative example, ARC 114 code uses 5 
7 J Pa oan steps per line to control from 30 to 75 MHz by only 3 lines (in all cases, plus i 
q : ¥ ground). i 


q ; ; b) The code converter stage. In original designs, these units included a multi-pin programming } 
: : plug #nd socket, allowing a limited degree of code conversion variation by plug interchange. i 

This was principally intended to provide for adjustment to suit the effects of differing 

ground vlane characteristics. However, any requirement for such adjustment has proved too 

marginal to justify the complication, and the programming facility has been omitted from 

most later designs. Recent design of these converter stage units has been based upon use 

of ‘Read-only memory' units (ROMS), which are fixed-programmed by a master controlled 

burn-out process. 


c) Power amplifier stages. There is one of these for each relay (normaily six), providing 
adequate current reserve to ensure relay closure, each incorporating a resistive limiter to 
prevent damage in the event of an accidental short-circuit. These sta,es are unchanged 
throughout the range of converter variants. 


kigure 11 represents logic converter type 7-4, for use with the special 5 line coding system of 
kee ARC 44 T/R. This converter still includes the programming plug facility, to allow for modified versions 
of the AXC 44 covering different frequency bands, either 30-56 or 26-52 MHz. To suit this latter range, 
the antenna capacitance plate has been supplemented by a top tubing section (similar to that on the antenna 
shown in Fige2). This extends the lower frequency limit down to 24 MHz, but restricts upper frequency to 
very little above the required 52 MHz. 


This particular TORELAY! TORELAY2 TORLY3 TORLY.4 TORLY.S TORLY.6 
oa logic converter, as well as 


; y some others, incorporates A ce 
1 . delay into the input stages, AL POWER 
4 : whereby the converter is 1 | AMP. ee 
held inoperative until the 
input information has : ie 
remained unchanged for about MULTE “he a a. 


13 seconds. This prevents INFORMATION PLEXERE . 





relays in following every t/r 
frequency-setting passed 
through when the T/R changes 
F from one frequency to 
a , another. Antenna retune 
is completed in only milli- 
seconds after the 13 second 
delay period, whilst 
remaining functional to 
whatever extent the mistune 
is acceptable. Certain 
T/R equipments, such as 
Marconi AD 1400, incorporate 


chatter, and hence needless c - FS 
wear of the very fasteacting FROM Z| Wy MW Ty 18 a 
tf} —_———+—{ 4 tt ft 
= | nd = 





PROGRAMMING PLUG 





an ‘inhibit’ line which Fig. ll ; 
substitutes for converter i 
delay circuitry. i 
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There have been several special Connection é 
applications of the inductance-tuned antenna radiating capacitance = 
system described, each using the basic assembly 
toard of coils, relays, transformer and filtera 
as shown in Fig.le. 






In ene of these applications, the erin cae 


tuning assembly has been mounted within the 
glass-fibre tailcap of a helicopter, with the 
radiating capacitance formed of aluminium foil Printed connection- 
bonded~-on to the inner surface of the tailcap. co 
The plate area is set to produce the correct 
tuning capacitance to the ground metalwork at 
the base of the tailfin. 





With this configuration, the 
capacitance paths are considerably longer, 
equivalent to greater effective height than 
with the blade antenna (Fig.1) as normally 
mounted over a relatively flat fusclage area. 
This increased effective height markedly 
improves bandwidth near the low-frequency 


end of the band. 
Ferrite cored 
teraustormer 







In another application, there is 
a requirement for the normal transmiseion/ 
reception on any selected frequency to be 
supplemented by simultangous reception only 
on a fixed-frequency ‘guard' channel. This 
has been achieved by an additional capacitance 
plate part-wry up the antenna housing of Fig.l, 
fixed-rescnated and coupled via the same 
ferrite-cored transformer to the single 
terminal connector. Sensitivity on the guard 
channel is rather low, but acceptable. Fig.l2 






——-Connecter DC - 
antenna to fogic unit 

Connector RF- 

antenna to T/R 





An antenna system very different from those described above hus beer evolved to cover the same 
frequency band of 30-76 MHz for 'homing' reception on helicopters. 


For this function, variably-tuned antenna systems are not practicable, and it has proved 
difficult to obtain an adequate combination of bearing discrimination and signal sensitivity from a single- 
pattern antenna system. The practice has therefore tecome one of rapid left-right switching (or ‘lobing') 
of two complementary patterns. These nay cerive either from two separate antenna systems, or more commonly 
from one in which all parts of the antenna contribute equally to both patterns. 


The achievement of acceptable homing patterns generally compels placement of the ar‘tennas at 
the extreme forward end of the helicopter, and clear of conducting vrojections. As with all aircraft 
usage, dimensional limitations produce a preference for unipcle antennas, but these are particularly 
susceptible to the irregular shape and erratic skin conauctivity typical of helicopters. 


Dipole systems have a somewhat lesser dependance on 
the nature of nearby metalwork, but for the frequency band 
30-76 MHz, the necessary dipole dimensions are generally 
objectionable within the pilot's field of view, or else create 
other operational problems. Fig.13 shows a dipole self. 
resonant at about the band centre frequency, fitted onto the 
front of a Gazelle helicopter. Two such dipoles, left-right 
spaced at about 4/6, have their outputs combined after phane- 
shifting to produce approximately cardiod patterns, lobinge- 
switched for homing purposes. Some, at least, of the 
orerational objections are self-evident. 


In order to provide a better alternative, 
experiments have been conducted using antenna elements 
formed of metallic film sufficiently thin to be effectively 
transparent, and so &."e to be placed directly upon the 
perspex canopy. The acceptable levels of light loss and 
scatter have been found to be determined principally at the 
observable junctions of condvetive and nen-conductive aress; 


by so arranging element shape that these junctions appear as 

true verticals, it has been found possible to gain acceptance ‘ ——— 
of gold film depositions producing conductivity of about —— - Ground Ine ______ . _—= 

1/10 MHO per square. Figel3 


The gold film material is firet deposited onto a thin acrylic (perspex) sub-strate, complete with 
fully conductive termination strips, which are of such size and position that opacity is acceptable. The sub- 
strate also carries a connecting length of transmission line formed by two thin wires embedded into grooves. 
The assemoly is then autoclave-bonded onto the inner sursace of the perspex canopy, and the bonded-in 
transmission line connected to a moulded perspex socket-block also bonded directly on to the canopy. 
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Investigations into a practical antenaa 
system were initially based upon a single loop of 
horizontal form, split for the insertion of resistive 
termination at cone end and signal coupling at the 
other, to produc? left-right cardiod patterns by 
reversal awitching of termination and coupling positions. 





The investigations then became aasociated 
with Gazelle helicopters, on which the perspex canopy 
is vertically spanned by supporting metalwork at the 
centre. Thie compelled change to a system of two 
separate loops, now of vertical form, and shaped to 
appear as vertical opacity-boundaries upon the double- 
curved canopy, when viewed from the pilot's position. 
In Fig.l4 the film conductive areas are illustrated 
much more densely than in reality. 


i 
! 


Intent was to interconnect the two sepurate 
loops for combined function as a single loop, producing 
combined lefteright patterns by termination awitching 
as for the single horizontal loop. However, this 
arrangement was found to complicate optimisation of the 
loop configurations, and was temporarily abandoned in Gold filin loops on Gazeile 
favour of treating each loop as a self-complete system, Fig.l 
then merely switching over from one loop to the other. +B 





Each loop is therefore split for fixed insertion of a termination resistor and signal coupling. 
Within the configuration shown in Fig.14, the 1/10 MHO per-square film-conductivity produces, for each 
complete loop, a resistive value of some 300 ohms, the terminating resistor and transmission line impedance 
being of similar values. The bonded-on socket connects via a short length of flexible twin-wire trans- 
mission line to a balun, for ccnversion to 50 ohms unbalanced (co-axial). 


Fig.15A shows the patterns achievable at 30,35,50,50 and 70 MHz, with the complementary pattern 
(left-right reversed) for 30 MHz also included. In all cases, sensitivity has been normalised to the 
forward direction 0°, Disappearance of the sideways-looking null at the lower frequencies is of no con- 
sequence, except insofar as this diminishes rate of change up to about 30° on either side of the true 
forward bearing. The 30 MHz pattern shown does in fact provide a sufficient bearing discrimination, but 
does not yet include the almost inevitable deterioration with aircraft mounting. 


The patterns of Fig.15A are all for zero elevation angle; Fig.15B shows the 50 MHz pattern at 
increasing angles of elevation. Although sensitivity diminishes, the pattern remains gratifyingly 
acceptable. 


This antenna system is currently being investigated under flirht service conditions. 


Azimuthal pattern - zero elevation Azimuthai pattern -varied elevation 
a’ o 


a Forward 





Fige15n Fig.15B 
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DISCUSSION 


R. DEASY: Please comment on the efficiency of the tuneable entenne and on the 
inse¥¥ion ISss versus mismatch loss for the tuned condition. 


C.R. COOPER: Efficency is varinble depending on the Q of the inductore actually used 
for tuning at each frequency. The Q of' the coil has a large effect on the frequency band 
width for any given setting of the tuner. 





R.A. BURBERRY: Could you please comment on the gein of the blade aerial compared with 
for exsmple e resonant monopole, 


C.E. COOPER: Comparing a series of self-resonant dipoles with the blade antenna switched 
to ecch frequency, the blade gein is down compered with the dipoles by some 1-2dB at the 
high frequency end of the band, incrersing to some 6~7dB at the low frequency end. 
However, compering a single dipole self-resonent at about the centre of the overall 
renge covered by the blade antenna with the blude antcrnna switched to follow the operating 
frequency, dipole end blade become equel a few MHz off the dipole resonant frequency, and 
for greater deviation in frequency, the blade entenne shows hisher gain than the dipole. 


M.H. MATTES: I would like to conment that with the development of airwourne antennas 
they”are becoming more end more sophistic:ted <nd complicated. Although there is no doubt 
that these antennas have improved performence compured with simpler ones, they give rise 
to problems for those who measure untenne riaiation patterns using aircraft models. For 
such work sceled antenna models cre required and the problem zrises of including within the 
povee Wes circuitry which is used within the full sized antennae Sometimes this proves 

mposs Ce 


C.EeCUUPER: In general, the point is accepted. However, in the case of the two 
communications antennas described the rudiating function is simply that of a capacitance 
plate, involving no difficulty if scaled represantation. The two different tuning coupling 
systems used, although physically contained within the antenna housings, cre not 

substantially radiative. Consequently, in these instances, there is no requirement for 
them to be represented in scale. 
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FERRITE PHASERS OPTIMIZATION 
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CIRCULAR WAVEGUIDE | 
5 
{ 
SUMMARY | 
An exact analytical and numerical method has been elaborated for the complete 
determination of the propagating modes in a reduced size circular TE}; waveguide partial- : 
ly or fully filled with a lossy axially partially magnetized ferrite rod. 
We are presenting some computed results at 17 GHz and 9.5 GHz which allow for 
optimization of circulary polarised phasers such as Dual Plode Phasers (D.M.F.) or Pola- 
rization Insensitive Phasers P.I.P. 


1. INTRODUCTION 


The electromagnetic propagation of wavea in circular waveguides containing a 
gyromagnetic medium has been the object of many studies for the last twenty years 
(KALES M.L. 1953, Van TRIER A.A. th.M. 1953, CLARRICCATS, P.J.B. 1957, 1959 3; 
WALDRONRA 1958, 1960-1963 ). 

The purpose of this study is to determine tne best choice of materiels and the ‘ 
well suited geometry for reduced space ferrite phasers widely used in electronically 
scanned antenna systems. 

In this paper after a shert review of the analysi3 study of propagation in 
loaded T5131 circular waveguides we present the numerical results obtained in KU and 
X band for two particular structures : 

1) a fully filled ierrite waveguide 
2) a partially loaded ferrite waveguide 
in the two cases the ferrite is axially magnetized. 


2. GENERAL TREATMENT 
The analytical calculation of the propagating modes in these two structuree 
is based on a theoretical model using the following hypothesis : 


- Structure infinite along the propagating direction or finite with 
no terminal reflections, 


- Perfectly conducting waveguide walls, 


- Polycrystalline ferrite material biased by an uniform static magnetic 
field, 


- Lossy, dispersive and homogeneous dielectric and ferrite materials, 


~ Linear behavior. 
2.1. Analytical treatment 


In these conditions, the propagation constants are obtained by solving a 
general equation F(r) = 0 with f = a + j ®. This equation corresponds to the determinant 
of the boundary conditions system. It is transcendental involving complex BESBEL funec- 
tions. The analytical study was first presented at a seminar in FRANCE ( DUPUTZ A.M. and 
PRIOU A.C. 1972). 


2.2. Numerical analysis 


A general method has been investigated to find a numerical solution of F(r) = 0 
by computing (DELFOUR A., PRIOU A., GARDIOL F, CHicAGO 1972). We then count the propa- 
gating modes and characterize them as follows : 


- Insertion loss and phase shift per unit length, 
~ Spatial field configuration and polarization state, 


- Power flow distribution in any section, 


- Distribution of the absorbed power in the uaterials. 
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2.3. Materials characterization 


This general treatment was applied in the case of a partially magnetized ferrite. 
The evolution of the real parts of the permeability tensor elements u', K' and yw'z 
is given with the RADO, GREEN SANDY and PATTON formulae (RADO GT 1953, GREEN J.J. 
SANDY F. and PATTON - 1971) and is represented in Figure 1 versus the internal Hj 
magnetic field : 


3 
; 
a 
4 
i 
i 


2 
th (1,25(M/Ma)” 
wou e (1 ut) th (1,25(M/Mg) *) 


th(1,25) 


(i = (m/m,)?/?) Kt = - y M/u 
us = hy | 


ut is the real part of the initial permeability (Hj = 0). 


But, actually, we don't know the imaginary parts uw", K" and ue for the ferrite i 


used. These elements had to be measured. 


However, in our general computer program involving both the dielectric and 
magnetic losses in the ferrite, we have used the qualitative features set up by GREEN, 
SANDY and PATTON (GREEN J.J., SANDY F., PATTON C.E. 1971) . They conclude that, when 
w 


a es 9,75, we can describe the loss of the partially magnetized state by a single 


parameter Wie value of uw" in the demagnetized state. We let then : 


us wet uy ; K" = 0 in the range : 0 to 50 oe. 
3. GEOMEURICAL OPTIMIZATION IN KU BAND 
3.1. Partially loaded waveguide 


A ferrite rod (radius b) is located on the axis of a reduced size circular wave- 
uide (inner radius a = 2 um). The ferrite rod iu surrounded by quartz dielectric 
e = 3,4 ; ted = 2 x 1074). The TE,, mode is then the only propagating mode in the 


quartz loaded waveguide. 
The L.T.%. 6108 nickel ferrite characteristics are : 


= 0,46 T 3 ep = 12,6 3 tgd = 3,8 x 107! 3 ui = 0,85 ; 


ust 6 x 10°73 


The signal frequency f = (17 + 0,5) GHz. 


Moreover the "Lignes Télégraphiques et Téléphoniques" Firm (L.T.T.) has provided 
us the hysteresis loop and the first magnetization curve for each ferrite. 


3.1.1. b = 1,6 mm variable frequency and static field 
We note the following for the two fundamental rotuative modes : 


- There is an increase of the attenuation constants a + and a - with the 
frequency (Fig.2). The absorption losses of the negative rotative mode are greater than 
those of the positive rotative mode. 


in the same figure, we have sketched the curve a # a” + a which represents the 
attenuation constant of a transmission P.I.P. element. If the latter has a 2 2 length, 
the insertion loss is equal to a & : a remains almost constant, about 0,4 db/cm in the 
magnetic field range from zero to 500e. 


: : - +, < 
- The maximum value of the differential phuse shift 48 = 48 + SB is squai to 
100 deg/cm in the considered bandwidth(Fig.3).4 8 & is then the phase snift of circu- 
larly or linearly polarized wave propagating through the 2 &£ length P.I.P. element. 





" : i featsieiilh z Sse 
ie eats ce tht en EK A pa ni en Ak a ni a cma A i a i in RI Si a io scaled ns toasiaie: 
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We note, also, an appreciable dispersion over the bandwidth (16,5 to 17,5 GHz). 
3.1.2. - f = 17 GHz ; Hy = 50 ce ; b variable (0,33 < : < 0,66) 


We notice the following for the two fundamental rotative modes : 


¢ There is a regular increase of the absorption losses versus the filling 
factor — (Fig. 4). The attenuation constant a for the P.I.P. structure goes from 
0,14 db?em when b = 1 mm, to 0,54 db/em when b = 2 mm. 


- There is a regular increase of the relative phase Suaee versus b/a, the 
increase being more important for the negative mode (Fig. 5). 


The differential phase shift has a very flat maximum for tb = 1,7 mm and 


4 B ax = 111 deg/cn. 


- The figure of merit for the P.I.P. structure, defined by (Fig. 6) 


oo 


4 Brax 4B 
23S ee Hy = 50 oe. 
a max 


increases when b is varying from 1 mm to 1,7 mm, and then decreases. 
We have a 34,2 rd/Np. 


The electromagnetic field patterns and polarization state are given in a 
D.R.M.E. final report (DUPUTZ A.M., PRIOU A. 1972). The knowledge of the field 
components allows us to determine the radial distribution of the power flow per unit 
area through the section z= 0 (Fig. 7) and of the absorbed power in the materials 
per unit length (Fig. 8). 


We therefore see that when the applied magnetic field increases, the power 
flow concentration in the ferrite increases for the negative rotative mode, and 
decreases for the positive one. This is in complete agreement with the behavior 
of the propagation constants : 

: : . ‘ “i : : ; 
a <a? <a - gt <p? <i where r+ 2 a? + j Ro 


is the propagation constant for Hy = 0. 


The measurements were made by the L.T.T. Firm with a transmission P.I.P. 
element involving two ferrite rods of length & = 3,8 cn. 


For the theoretical device, we calculated a phase shift of 360° and insertion 
loss cf about 1,02db. While the L.T.1T. Firm found for the experimental device 360° 
of phase shift and 0,8 to 0,9 db of insertion loss. The slight difference between, 
these results occurs probably from the rough approximation we have made for wu", wz 
and K". 


3.2. Fully filled waveguide (with L.T.T. 6108 ferrite, radius a = 3 um) 


The figures 9 and 10 show the variation of attenuation constants a* and a” 
and relative phase shifts 4 g* and A 8 versus H; field for the two fundamental 
rotative modes. The differential phase shift is smaller than in the previous structure 
and the maximum phase shift is reached for a weak field (F = 17 GHz, Hi = 12,50 oe, 
A Gs 46,8 deg/cm, m ® 9,59 rd/Np). 


However, this structure offers a very good figure of merit, especially for the 
negative rotative mode. At 17 GHz we obtain : mt = - 81,7 and m~ = 298,4. Then, it is 
the most convenient structure for making a circularly polerized phaser such a Dual 
Mode Phager. 


The manufacturer will have to make a choice : 


- He realises a good power handling capability device by using the positive 
rotative mode though less efficient in phase shift. 


- Or, he utilizes the negative rotative mode for a lower average power 
handling device (Fig. 12). 


A 
i 
{ 
4 
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Finally, in Fig.11, we give the radial distribution of the incident power 





flow. 
4, OPTIMIZATION IN X BAND 
Ket. Purposes of the optimization 


The purpose of our study in that band is to determine the best dielectric 
ferrite couple for the inhomogeneously loaded waveguide and the best geometrical 
definition such that the considered phasers fulfil at the following criteria : 


> monomode propagation, fundamental mode 


- maximum figure of merit 


- low dispersion of the phase characteristics around the central frequency 
f = 9,5 GHz. 


The exact frequency range ,extends from 9.3 to 9.7 GHz. The properties of a 
first selection of dielectrics and ferrite are given in table I. 


In order to analyze the influence of various geometrical and physical parameters 
on the behavior of the phasers we consider : 


1) a waveguide of variable radius "a" fully filled by each ferrite 


2) a waveguide of fixed radius loaded by various ferrite dielectric combina- 
tions ; the variable is then the radius "b" ie the filling factor b/a. 


hee. Optimization results 


By using the same computer programme as in part 3 we obtain the following main 
results. 


We observe that the initial attenuation (Hj * 0) of a circularly polarized 
wave ima ferrite loaded waveguide increases quasi linearly with the magnetic loss 
tangent w"/u: of the ferrite (Fig. 13) The L.T.T. 6301-2 ferrite is the least lossy 
an¢ as a fesilt of its high saturation magnetization value (Mg = 0,24) we can 
conclude that it will be the best ferrite for making a phase shifter. On the other 
hand, the 6101 ferrite characterized by high magnetic loss max be excluded : 


- we notice in addition that if the radius "a" increases the attenuation 
decreases. However when approaching the cut-off region, the propagation of a second 
mode sets in. We have then to choose a value of the normalized radius a/A, * af/c 
wiving only the propagation of the fundamental mode and we limit the study to this 
mode. 


- figure 14 shows the effects of both the radius "a" and the frequency on the 


maximum phase shift 4 Bay = Bio - Bi in case of a L.T.T. 6301-2 ferrite loaded 


waveguide for three types of operation (anticounterclockwise and counterclockwise 
circular polarizations and polarization insensitive working). 


The dotted line drawn indicates that the maximum value of 4 8 corresponds 
to a Hj; value lower than 50 oe. Beyond the value a & 8 mm two modes can propagates. 


Figure 15 to 17 represent the figure of merit m= AB nase {as versus a/Ao for a 


ferrite fully filled waveguide. We deduce the optimum radius for each type of 
operation. 


The analysis of a dielectric plus L.T.T. 6301-2 ferrite loaded waveguide 
yields to the following conclusions : 


- when the radius "a" is greater than 6 mm, many higher order modes can 
propagate even if we use a low permittivity dielectric such Sj0o2. 


- for a radius a = 6 mm, the dielectric must have a permittivity lower than 
that of the ferrite to obtain a single mode. 








} 
4 






















Figures 18 to 20 allow us to determine the optimum filling factor for each 
dielectric materials. In tables II and III we present the optimal chawacteristics 
of the reapocal phasers working at 9.5 GHz and using a maximum internal DC magnetic 
field of 50 oe. 


5. CONCLUSION 


We have proposed examples of a general method for the theoretical ferrite 
phasers optimization which permits from a first selection of dielectrics and ferrites 
to determine the best choice of materials and the well suited geometry of the device, 
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TABLE fI1 
Type of Waveguide fully filled with L.T.T. 6301.2 ferrite - f = 9,5 GHz 
operation a optimm| a/de SAmax o max m length for dispersion 
j (rm) optimum (deg/an) | (db/an) (deg/db) ASPmax=360° (deg/GHz) 
cn) 
Posltive 
mode 6 0,19 - 49,5 0,034 1440 7,27 0,247 2 
Nogative 
mode 8 0,25 +158,7 0,026 6100 2,27 0,059 3 
Tranamiesion 
P.I.P. 8 0,25 +160,7 0,065 2473 2,24x2m4 ,48 0,146 13 
TABLE IIT 
Typ: of Waveguide containing a LTT 6301.2 ferrite rod surrounded by Sid, - f = 9,5 Giz 
REET @ optimum a/b opti-} b opti- 68 max oa mx m. length for insertion 
=m mum (mn) {dag/cam) | (db/cm) | (deg/db) | AP max = 360°] losses for 
S@mae360° 
(oattive 
revia 6 - 54,3 0,024 2250 6,64 0,189 
Negativy 
mio 6 +157,68 0,025 6250 2,28 0,057 
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A CROSSED-SLOT BELT ARRAY ANTENNA FOR SATELLITE APPLICATION 
R. Breithaupt, B. Clarke, D. Waung* 
Department of Communications 
Communications Research Centre 
P.O. Box 490, Station A 
Ottawa, Canada K1N 8TS 


SUMMARY ; 


A partially complete feasibility study of the design and fabrication of a fixed beam, circular- : 
polarized belt array for possible use as a telemetry/command antenna (2 GHz) on a geostationary ; 
communications satellite, is described. This application requires a toroid-shaped coverage pattern j 
for use when the satellite is not oriented on station. 


The belt array of circular-polarized elements used is fed using travelling-wave excitation by a 
thin plated dielectric waveguide of .060 in. x 2,350 in. cross-section. After some measurements on round 
hole radiating elements, crossed slots with external dielectric loading were finally chosen. These elements 
were matched and characterized in terme of scattering parameters in an active array environment. 


Measured performance of this array was less than expected due to significant effects of tolerance 
and placement of the external dielectric loading on individual elements. Subject to these element design 
limitations, a lightweight travelling-wave fed etructure appears to offer a reasonable alternative to 
the usual parallel fed belt array, for this application. 


1, INTRODUCTION 


Ali synchronous geostationary communication satellites require a nearly omnidirectional telemetry 
and command (T&C) antenna for initial acquisition purposes during tranefer orbit, or for occasions when the 
usual cn-station spacecraft orientation is sufficiently perturbed. The normal requirement is for circular 
polarization, so that a polarization rotation capability is not imposed on the ground station. Therefore 
in choosing a T&C antenna for such an applica*ion, a basic choice exists between a single anterna system 
which has a cardioid-shaped pattern, and a two antenna system which has a moderate gain antenna for on- 
station operation plus a lower gain antenna with toroid-shaped coverage. An example of a spacecraft with 
this coverage requirement is the joint Canadian-U.S, Communications Technology Satellite (CTS), to be 
launched in late 1975, Nulle in this case ara in the direction of the spacecraft front deck and apogee 
wotor, 


The purpose of this work is to examine the feasibility of a particular type of antenna which can 
provide the toroid-shaped coverage in a two-antenna system for spacecraft T&C at frequencies 2.1 and 
2.3 GHz. A spacecraft configuration similar to that of CTS will be assumed throughout this paper and this 
ie shown in Fig. 1. Such an antenna is usually thought of as a circuler belt array of elements around the 
Spacecraft body. For a CTS type of application, however, the spacecraft body is not circular-cylindrical, 
which introduces element phasing difficulty in producing a uniform far-field pattern in the plane of the 
belt. As a consequence, a logical location tor this antenna would be around the lower end of the apogee 
motor ekirt in the form of a circular belt of diameter about 44 in. 


A basic choice between a parallel and a travelling-wave feed, or soma combination thereof, must be 
made for the elements of this fixed-beam belt array. The parallel feed ‘6 usually chosen, ae the bandwidth 
limitation then is simply that of the radiating elements. Cavity-backed spirale or crossed dipoles have 
been used as radiating elements, although microstrip elements now appear to offer the best compromise 
between electrical performance, light weight, and structural integrity’. 


The present study is being made to explore the advantages and limitations of « combined series- 
parallel feed ueing a plated solid-dielectric waveguide travelling~-wave feed of reduced height and crose- 
section .060 in. x 2.35 in. This would be light weight and have good structural integrity, es for the 
microstrip case. Apertures placed in the appropriate location in the broad wall of the waveguide are 
used to provide the desired circular polarization. Two types of aperture were considered, the round hole 
which was found to radiate insufficient power, and the crossed slot with external dielectric loading, 
which ta the configuration adopted in this application. 


Following sections of this paper deal with the array element, array analysis, array design and 
measured resulte, respectively. 


2. ARRAY ELEMENTS 
2,1 Flement Characterization 


It ie well known that an aperture, such as a round hole or crossed slet placed appropriately in the 
broad wall of a rectangular (dominant mode) waveguide will radiaie circular polarization, and have 
directional properties *?’? 


The ecattering matrix of euch a radiator will normally contain one port Zor each propagating mode 
on either aide of the waveguide feed, as well as one port for each expansion mode of the radiated field, 
In thie cave a simplifying essumption ie made that the modal expansion of the radiation field consists of 
two orthogonal circular-polerized modes only. This simplification contains the implicit assumption that 
all elements see a similsr environment, which implies a constant mutual coupling between elements. 
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If the remaining four porte are uumbered as in Fig. 2 then the scattering matrix S has the form 
shown in thie Figure, which is appropriate for a directional coupler. The unknown complex coefficients A 
and B muat then be determined for the element used. Conservation of energy, and the asaumption of a loss- 
leas element require that |a|? + |p|? = 1. In order to measure A, define a reference plane for port 1 and 
2 across the waveguide, centered on the element aperture. The reference plane chosen for radiated energy 
ie not important except that it must be kept constant. Note that if LHC polarization for instance, is 
desired in the transmit case, then any energy incident on port 2 (i.e. a,) will contaminate the desired 


polarization and make it elliptical. Therefore all element matching must be done on the feed side of each 
element unless polarization modification ie desired. The port impedances are assumed normalized so that 
the net real power through a port is (la? - [b.17)/2. 


This arrcy was designed using experimentally derived data for the radiating elemente, as no 
avalytical results appeared available, and because preliminary data could be more economically obtained 
experimentally. Three different measurements can be made to determine the four unknowns in A and B aw a 
function of element parametere and frequency; these are transmission messurement, and near/far field 
measurements. Most of these were done in an ective environment using an array of six identical matched 
elements spaced a guide wavelength apart. If the transmission coefficient [A| is sufficiently small 
(-20 log |A] i@ >.1 dB say), then [A] may be measured uaing near-field scan data or by a transmission lose 
measurement. Arg (A) is obtained from near-field scan date for all cases. ([B| can be obtained as 


js} = (a - Ja}? or from far field pattern and gain measurement of the six element array. Arg (B) can 
be measured by a phase comparison of different single elements. It is also possible to measure a 
combination of arg (A) + arg (B) from the phase slope of an array of elements of continuously varying size. 


2.2 Belt Waveguide 


Since the radiating elements to be described are an intimate part of the waveguide feed itself, a 
very brief description of the waveguide used will be given here. Double-clad teflon/glass board 
(3M Co. K-6098-22) was used. This material wae milled to 36.6 in. x 2.35 in. size, and the edges were 
electroless plated and electroplated to give approximately .001 in. copper on the side walls. Thie was 
operated in the dominant rectangular waveguide mode. A mean relative dielectric constant, as derived from 
guide wavelength at 2.20 GHz, was found to be 2.52. Waveguide loss was measured both by reflection and 
transmissicn methods, and found to be 1.67 dB/m. at 2.2 GHz, as compared to a theoretical value based on 
a 3M published tan 6 = .0018, of 1.17 dB/m. 


A two-step coaxial impedance transformer was incorporated in a 3 mm coax-wg transition, which 
had a VSWR of <1.4 from 2.1 = 2.3 GHz the guide having a characteristic impedance of about 20 ohms, 
depending on the definition used. No attempt was made to optimize thie transition in terms of weight, 
and it is shown in Fig. 3. <A very simple resonant type of low power waveguide load was used in the final 
belt fabrication. Thie 16 also shown in Fig. 3 and consists of a narrow transverse slot in the waveguide 
partially filled with resistive sheet material. A non-protruding load is required for final belt assembly. 


2.3 Round Hole Element 


A round hole was initially thought to be a good candidate ae a radiating element because of ease 
of fabrication. In the ebsence of published results for this element, it was characterized experimentally. 
This revealed that the maximum power radiated by @ hole of maximum diameter (d = 1.19 in.) in the waveguide 
chosen, i# 3%, which is too emall for the moderately short array in question. The measured coupling 
characteristic is given in Fig. 4. The holes were placed in the waveguide at a traneverse distance 
from one side of 


x« * tan! (Ag/2a) 
= ,601 in, 


where \g is the guide wavelength at 2.20 GHz and a is the width of the waveguide. 


This is the approximate location for circular polarization! *?, The largest hole (dian, = 1.19 in.) 

had a VSWR of 2.5 and thus required matching. Par-field ellipticity (on axis) for emall round holes 

wae <1 dB over 5% bandwidth when a 6) x 6A ground plane was used, but deteriorated to 2 - 3 dB for large 
holes, Ellipticity was a etrong function of the ground plane near the round hole. With no additional 
ground plane, ellipticity on exis was ~7 dB due to strong asymmetric diffraction effects of the waveguide 
edges. Typical E,H plane radiation patterns of the round hole on a 6\ x 6) ground plane ere given in 
Fig. 5. A conical or pyramidal horn etructure placed on the round hole slement provided more directivity 
end better off-axis ellipticity. 


It wae evident that with a rcund hole in a drastically reduced-height waveguide the fields are 
restricted to the hole periphery with very little radiation as a consequence. Im fact, the dielectric 
could be removed from a 1,19 in. diameter hole with no appreciable change in reflection or radiation. 


2.4 Loaded Crossed Slot Elemente 


In conventional full height waveguide, one pair of crossed slots can couple more than 80% of 
waveguide energy into radiation. However, because of the reduced-height waveguide used here (characteristic 
impedance ~20 ohms), only slightly more energy was coupled out of a long crossed alot than from a round 
hole. However, by using external dielectric loading, at least 602% coupling into radiation may be achieved. 
The loading used coneisted of Stycast (Emerson-Ciming) blocks 1 {n. x 1 in. x .260 in., of t.* 16. The 


measured coupling characteristic is given in Fig. 6. These elements, although nominally reflectionless 
had « miematch increasing with slot dimension, to a maximum VSWR of 2.7, for a alot length of 1,250 in, 
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and as a consequence slote often required matching. A significant problem was experienced due to the 
large change of arg (A) with slot length. This is shown in Fig. 7, and required element spacing to be 
varied in order to maintain a constant phase slope of radiated field around the circular aperture. 
Loaded crossed-slot rediation patterne were very similar to those for the round hole. On-axie ellipticity 
da 2 - 3 dB and can be reduced by using matching in front of the element as suggested by Simmona(?). A 
geod measurement of arg (B) alone was not made. However the phase slope of a number of matched loaded 
elemente of smocthly varying slot length, spaced ree was made and the variation of the resulting phase 


slope was measured. Thia elope is affected by both arg (A) and arg (B), and the phase change between n 
and n + i element radiation is essentially arg a) + ars (Be - arg (BL. Thie was used to 


modify element spacing in order to produce a constant progressive phase change around the belt array. These 
elements are shown in Fig. 7. 


Fe eg St: 


th 


3. ARRAY ANALYSIS 
3.1 Analysis 


It is trivial to write formulas for an array analysis which will produce equal power from eech array 
element, in an N element array if no coupling or reflection is assumed. Assume that the scattering 
representation of Fig. 2 applies with Aye B. associated with the nth element, and thet for constant element 


spacing d, the choice of B, is arbitrary. In order for the radiated field amplitudes to be equal (in 
the absence of coupling) 


1 


I = 1B, |/e 


n= 
=-(n=1l)ad I la, |) 
tH 


ol 
where a is the waveguide attenuation coefficient, and 


lanl = ca = [b,1?)4 


In order to calculate the phase of the radiated field of the nt? element, it is necessary to define a spacing 
ay which follows each element. By starting at the feed end, radiated fields associated with each element 


(L.e. ban in Fig. 2 representation) may be calculated. Power lost in transmission lose Pry and that to 
the load Py will be 


s 2 
Py bo! /2 


-2ad, 


N-1 Ib, |? } 
Pry © 2 b (lee ny/2 
TX y-1 28 


The far-field pattern in the plane of the belt may be found easily by summing coneributions from 
all elements. Fo-* the case of N elements spaced equally an angle a. spart on a circular array of radius R, 


where energy is assumed not to propagate across the belt, the far field E(6) is simply 


N 
E(®) =I £(¢) be er - cos $) 
n-l 


eum for 7/2 >$> 31/2 only 
where 8, ia the free space propagation constant, and 


os (n-1)@,-6, 


f(>) is the clemenc radiation pattern, and 9 is the far-field observation angle, 8 = Oat n= 1, 


For the presenc case £(¢) ~ cos $ for 7/2 >¢> 3n/2. This formula fo. E(é) requires some modification when 
unequal spacing 18 used. 


In choosing a combined series-paraliel feed arrangement, one must find a solution which has 
adequate bandwidth and acceptable far-field ripple in the plene of the belt. A series feed on a belt 
array hae the additional constraint of requiring no discontinutty in phase slope between the firet and 
nth elements, This imposes an interdependence between number of elements N, element spacing aye 
radiue R, and frequency f. Most parallel-fed belt arrays excite al] elements on che helt in the seme 
phase. This te possible or a belt array but a linear phase progression around tne telt extends the 
possibility of reducing element spacing and thus far field ripple alec. In addirion, since a number of 
frequencies exiet which provide a continvous phase slope around the bel* array, duel frequency operation 
may be possible (i.e. in this case 2.1 and 2.3 GHz is desirable). 


In order to choose a feed arrangement, a program wae written which examines either a one point, 


two point, or four point series-fed belt. In the case of the four-point feed for example, each of four 
identical series-fed belts covers one quarter of the rcumference and these must be fed in parallel 
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with 0, 7/2, 7, 31/2, 27 relative phases. The operation of this program and some calculated results 
are presented in ths following section. 


3.2 Calculations 


A program was written so that one, two and four point series feeds could be examined from a 
ripzle and bandwidth point ef view. The operation of this program is aa followa: 

a) Choose number of series feed points (e.g. 4). 

b) Choone a nominal apacing (e.g. .8\g) and nominal radius (e.g. 23 in.). 


c) At a design frequency of 2.20 GRz, the program will then choose a number of elements 
divigible by four, a constant element spacing, and a radius consistent with progressive 
phasing around the belt, assuming arg (A) = arg (B) = 0. These will be close to the 
nominal values requested. 


e) Choose a value for By. 


@) The program calculates fractional power lost in the tranemission line and load and 
prints out element phases and amplitudes (b,) at 2,20 GHz. 


£) Choose a frequency for far-field calculation of ripple in the plane of the belt. 
g) The program prints new element amplitude and phase, the worst ripple in each of the 
four quadrants around the belt, and prints pattern if desired. Return to f) if desired. 


Resulte from this program are plotted in Fig. 8 for one, two and four point feed designs. Ina CTS type 
application, bandwidth of +10 MHz is required at both the telemetry and command frequencies, so it ia 


evident from Fig. 8 that a single point feed is not appropriate. A four point feed should euffice, provided 
random variations in elements are not large and that excess transmission line phase shift due to 
temperature variation ie emall. 


An interactive, iterative array deeign program was also written for a four point feed, which does 
not assume constant spacing, or arg (A) = arg (B) = 0. This program operates as follows: 
a) Choose a nominal spacing and nominal radius ae before. 


b) The program computes the number of elements N, an interim radius R, a temporary constant 
Spacing based on arg (A) = arg (B) = 0 (temporarily assumed), at a design frequency 2.20 GHz. 


c) Choose a value for By: 


d) Power to the load, and power lost in the tranemiesion line is calculated. If power to the load 
ie unacceptable, go back toc). 


e) lA.l. [BI for n= 1 (1) N/4 are printed out and the operator is asked for the corresponding 
arg (A,)> arg (B.) ae found experimentally. 


£) A (new) spacing ay ie computed so that the radiated field maintains e constant progressive 
phase shift per element, and a new set of lasls al required im calculated and printed. 

s) The operator is asked for # new set of arg (A’), arg (B') corresponding tc Atle a If 
the new set of angles is not sufficiently close to the previous set, go to f). 


h) A final radius te calculated on the basia of the final a, sot, and the element epacings are 
printed. 


4) Far field in the plane of the array is calculated at any desired frequency and worst ripple 


in esch quadrant is printed. The pattern is plotted if desired, and i) can be repeated as 
desired. 


4, ARRAY DESIGN AND FABRICATION 


4.1 Design 


A preliminary four~point feed design has been fabricated and partially tested. The teble of 
design data for each of the four nine-element arrays is given as follows; 
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N= 36 Ae = 4,862 in. at 2.20 GHz 
a ie nominal spacing = .75 se = 3,646 in. 
Poy = 17.3% 
IB_| Slet Length Spacing 

Element No. n (in. (in.) 

1 .270 981 
3.833 

2 286 995 
3.803 

3 +304 1.010 
3.769 

4 .325 1.025 
3.728 

5 351 1.043 
3.676 

6 382 1,066 
3.609 

7 -421 1,090 
3,515 

8 +473 1.121 
3,370 

9 1547 1,158 
3,601 


The belt was fabricated using an input coaxial connector and load as shown in Fig. 3, on 
e 36.6 in. long waveguide. Each element was individually matched to ~-20 dB return loss by means of 
shorting poste on the feed side of the waveguide. The load end of each waveguide is clamped under the 
input transition of the following waveguide array, when mounted on a 3 ft. wide circular cylinder 
for test as a belt, Dielectric loading elements were cut with a diamond saw, from 1 in, x 1 in, Stycast 
rod material, and bent to the approximate belt curvature by heating. This particular dielectric material 
would te unsuitable for space application. All tests were made with a nylon string holding the dielectric 
bleucks down, but conductive epoxy would be used for permanent placement. 


4.2 Measurement 


Results from a near-field measurement of the pine-element preliminary design are shown in 
Pig. 9. This shows a linear phase progression of 52.5 per element and a £2 dB amplitude taper. 
Unfortunately, placement of the dielectric blocks on thie array ia critical, and the amplitude 
distribution can vary by a further +2 dB, with corresponding changes in the phase slope. These near- 
field measurements were made using a manual HP network analyzer in a small anechoic chamber, with the 
nine-element array segment held flat on a 3 ft. x 3 ft. ground plane. The probe used was a balanced loop 
of ~.75 in, diameter, held ~.3 in. above the dielectric loading blocks. A tranemission/reflection test 
indicated that 22% power went to the load, as compared with the design value of 17%. All measurements 
were made with belt array segments taped to the cluminum ground plane, using aluminum tape purported to 
have a conductive adhesive. 


Near-field measurements were also nade on the assembled belt array, ae shown in Fig. 10, except 
that the edges of the belt were taped to the ground plane. The four-way power splitter used was a ratrace 
plus two hybrids, which gave the required 0, 7/2, 7, 31/2 phases at a level of 6,5 dB below the input. 

The resulting amplitude and phase at 2,20 GHz are shown in Fig. 11. The amplitude variation now is 
increased to t4,5 dB but phase ie fairly linear around the belt except for a phase jump between 
segments no. 1 and 4, 


Finally, @ preliminary far-field pattern in the plane of the belt is shown in Fig. 12. A gain 
calibration is also noted on this Figure. The maximum ripple shown here is not acceptable, indicacing 
that better phase/amplitude contro] at each element is required. All of the above far-field measurements 
were mode using the CRC 5CO ft. protected range facility. The tranemit antenna was nominally RHC polarized, 
with approximately 3 dB ellipticity. Polarization ellipticity wae measured by rotating a linear-polarized 
tranemit antenna, and was found to deterforate to 10 dB at occasional pointe in the plane of the belt. 
Elitpticity of individual element radiators will be considerably improved by partial matching on each 
side of the element as suggested by Simmone’, The amplitude distribution around the array was significantly 
affected by the hand-cut slots (tolerance ~+.005 in.) and by placement of the high dielectric biccka, 
Further teste will be made on a version having etched slots and more reliable element loading. 


5. CONCLUSION 


A combined parallel-series fed array aa described above is attractive in terms of lack of feed 
complexity and structural integrity, although greater element directivity is desirable. Calculated 
performance of this array using @ reduced-height waveguide structure indicates suitability for narrow 
bandwidth applications. The predicted performance has not been achieved in this initial prototype 
because of shortcomings in the element design and fabrication, which will te improved. 
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DISCUSSION 


J2K. HSIAU: 1. How do you find the impedance of the crossed alot? 
2. How you locate your slot during your design procedure. 


R BRELTHAUPT: 4 The impedance as such is not determined. Rather the element was 
character terms of scattering .matrix parameters A and B of Fig. 2. This information 
is availeble analytically for the crossed slot not externally loaded, but was found 
experimentally (no analytical results available) for the round hole and loaded crossed slot 
described here. 

2e This is approximately the point in the broad wall where orthogonal magnetic field 


components are of equal amplitude, and is discussed at length in references 1,2, and 3 
quoted in the paper. 


JF. GOBERT: 1. Do you think you can improve the polarization decoupling? 
- W. - problems does the undesired polarization give in meeting the operational 
requiremen 


R. BREITHAUPT: 12 Yes, the radiated polarization purity may be improved in each element 
by partial element matching on either side of the radiating element. 


Polarization purity is 
related to energy incident on both parts 1 and 2 as shown in Fige 2 of the paper. 
2e. Cross polzrized radiation causes trouble only in so far as energy is lost from the 
ae polarization. No use is made of crosa-polarized telemetry/command signals in this 
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CROSS-POLARISED RADIATION FROM SATELLITE REFLECTOR ANTENNAS 


A. W, Rudge, T. Pratt, A. Fer 
Electronic & Electrical Engineering Department 

University of Birmingham, 

Birmingham B15 2TT 


England. 


SUMMATY 


The limited RF epectrum which is available for satellite counmication 
systems has led to increased interest in the use of dual-polaiised ond 
orthogonally-polarised multiple-beam antennas. Sinree an accurate knowledge 
of the antenna sidelobes and cross-polerised radiation is necessary to ensure 
adequate isolation between RF channels, this paper examines some available 
techniques which can be employed to predict the vector fields of reflector 
antennas. While the differences between the techniques are found to be 
comparatively uninportant in practical satellite antenna problems, the problem 
of providing an adequate description of the antenna primary-feed radiation is 
found to be a critical factor, Results for predicted and measured cross~ 
polarised radiation fields are presented. 


1. INTRODUCTION 


The pressure on the available electromagnetic spectrum for satellite commmication systems has led to 
considerable interest in the use of dual-polarised antenias, and miltiple-beam antennas with orthogonally 
polarised beams, as a means of achieving frequency re-use. In the design of such antennas attention 
must be directed not only upon the polarisation purity in the main beam, or beams, of the antenna, but 
also upon the possibility of generating cross~polarised sidelobes which may result in interference between 
widely separated beams. Thus the satellite antenna has become one of the most critical componente in 
future satellite commnication systems. 


Satellite antennas based upon the use of parabolic reflecting surfaces have proved to have many 
attractive features, and are a popular choice in providing narrow beams with acceptable sidelobe character~ 
istics, The cross-polarisation characteristics of these antemuias must be accurately known if they are to 
be applied in a dual~polarised or multiple-beam configuration, but comparatively little material has been 
published in the literature regarding their cross-polarised radiation. 


This paper comprises a summary of the results of two related research projects in progress at the 
University of Birmingham. Both projects are basically concerned with prediction of the principal and 
cross-polarised field components radiated by parabolic reflector antennas. Of the two projects, one 
has concentrated on a study of parabolic reflector antenna depolarisation, with a view to clarifying its 
definition, causes, and means of minimising its effects. This study has also been concerned with the 
comparison and evaluation of a number cf techniques which can be employed to predict the antenna depolar- 
isation without the aid of large-scale numerical integration, The second project, which has been carried 
out under a contract with the European Space Research Organisation, has been concerned with the extension, 
modification and operation of a large-scale computer program, capable of predicting radiation fields - 
including cross-polarised components ~ for a wide range of reflector and primary-feed configurations. 


This paper examines some fundanental techniques for the prediction of reflector radiation patterns, 
and presents results for calculated and measured cross-polarisation patterns of a typical front fed para- 
boloidal reflector antenna. The problem of obtaining an adequate description of the primary feed is 
discussed in some detail since this has been found to be a critical area in the prediction of cross~ 
polarised radiation. 


2. BASIC TECHNIQUES FOR MODELLING 


A number of well established techniques exist which provide predictions of the vector radiation fields 
scattered from parabolic reflectors, These bosic techniques are well described in texts, (Silver, 8, 1019; 
Collin and Zucker, 1969; Rusch and Potter, 1970), and a variety of applicetions have been reported in the 
literature. The best mown of these techniques are probably those based upon voriations of the ‘aperture 
field' and ‘current-distribution' mothods., In practical applications both methods make use of the 
physical-optics approximation, which essentially demands that the reflector surfcce be large relative to 
the operating wavelength. 


To provide a unified approach, the aperture-field and current—distribution methods can be considered 
as two examples of an application of the field~equivalence principle. Applying this principle, any ; 
radiating antenna can be replaced by a set of equivalent sources, located on aon arbitrary surface, whick 
encloses all of the sources of radiation. The equivalent sources on the surface are defined such that 
the electromagnetic fields anywhere outside the surface are identical to thoso excited by the radiating 
antenna. The equivalent sources may take the form of either an electric or magnetic current distribution, i 
or some combination of both, over the defined surface. These current sources are reluted in a direct 
fashion to the tangential electric and magnetic fields which exist at the same surface with the antenna 
radiating (Collin and Zucker, 1969), Since a knowledge of either the tangential electric or magnetic 
fields (or their associated currents) over a closed surface is sufficient to determine the fields scattered 
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by the reflector antenna, then with reference to Figure 1 we can postulate the following wathenatically 
equivalent models: 


a) =: The electric current distribution on surface 2 (eleotric-current method) 
b) The tangential electric-fields over surface 1 (aperture-field method) 

c) The olectric and magnetic fields over surface 1 

a) he electric and magnetic fields over surface 2 


Applying the phycical-opticsa approximation to each of these models, we assume that on surface areas 
directly illuminated by the primary source, the tangential electric and magnetic fields and their 
associated currents ore those that would be present if the fields were reflected optically. On shadowed 
regions the fields and currents are assumed to be sero. To satisfy Maxwell's equations at the boundary 
betwen the illuminated and non-illwainated regions, a line distribution of electric and magnetic charges 
can be introduced along the boundary curve in each of the above cases. The net effect of this boundary 
charge distribution is to ensure that the predicted radiation fiolds satisfy the radiation conditions and 
thus do not include a radiated field component in the direction of propagation (Silver,S,1049). 


2.1 Comparison of techniques 


The mathematical expressions for the radiated field components predicted by each of the poetulated 
models have been derived, These expressions have been programmed and their predictions compared for a 
number of primary-feed and reflector combinations. The conclusions drawn from the study are summarised 
below, 


All cf the techniques provided similar predictions for the principally polarised (co-polar) fields 
over the wain lobe and the first four or five sidelobes. At wide angles from the boresight only the 
combined electromagnetic techniques (c and d) were in agreement. The disagreement between the methods 
at wide angles tends to increase with increasing reflector curvature. For the cross-polar radiation 
again only c and d were in agreement. The peak value of the cross-polarised radiation normally occurs 
close to the boresight, and, in general, the techniques differ with regard to their respective predictions 
of cross-polar radiation introduced by the reflector curvature, as distinct from the cross-polar component 
originating in the primary feed radiation. 


In practice, the differences between the predicted fields are less serious than these results suggest. 
At wide angles, the co-polar component of the radiation tends to be dominated by secondary effects, such 
as aperture blocking, edge diffraction, and primary feed spillover. These effects mask the differences 
between the predicted fields, and discussions of relative accuracies become irrelevant. Similarly, in 
the majority of cases the cross-polar component which is predicted due to the reflector curvature is very 
omall and is swamped by the component due to the primary feed. For example, for a reflector with F/p= 0.25, 
fed by a realistic primary feed illumination, the peak cross-polar level predicted es a result of reflector 
curvature will typically occur some 50 dB below the peak of the co-polar field, and this level will reduce 
still further as the F/pratio is increased. Since the primary feed illumination can result in an antenna 
pattern with cross-polar peaks only 15 dB below the co-polar peak, and typically results in cross-polar 
lobes 20 to 40 dB down, it appears reasonable to conclude that the contribution due to the reflector is of 
secondary importance in such cases, 


In dealing with satellite reflector antennas we are chiefly interested in radiation within a com 
paratively narrow cone of angles about the antenna boresight, over a dynamic range of, perhaps, 50-60 dB. 
In this region, there is little significant variation between the predictions obtained by the various 
uethods, and the techniques which are the most convenient, in a computational sense, can be employed. On 
this basis, methods (b) and (c) are superior. 


2.2 Co=polar and cross-polar radiation 


A number of definitions of cross-polerisation are commonly loyed in the literature, Three of 
these definitions have been considered by Ludwig (Ludwig,A.C. 1073), and the authors are in agreement 
with his conclusion that the most useful definition is the one which provides predictions in a form which 
corresponds directly to the field distributions cbtained from standard measurement practice (Silver,S,1049). 
The co-polar field is defined as that which would be measured on a conventional antenna range with the 
polarisation of the distant antenna initiaily aligned with that of the test antenna, on boresight. This 
polarisation is then retained while the test antenna is rotated through a set of 'field cuts’ in the usual 
way to build up a complete measured radiation pattern. If the polarisation of either the test antenna 
or the source antenna is then rotated through 90°, and the radiation pattern measurements repeated, the 
recorded measurements correspond to the crosse-polar field. 


If the test antenna has its principal polarisation aligned with the y axis then the co-polar (E ) 
and cross-polar (E_) components of the radiated field are related to the usual spherical co-ordinat 
field components (E, » yy) by the following 


E (0.0) = E,(8.¢) sino + z,(9.) coa ¢ (1a) 
B,(6,¢) = 5,(¢,¢) cow @ - B,(6,¢) sin @ (1b) 
3, A SIMPLE RADIATION MODEL 


If a for field point is defined in terws of the sphericul coordinate systen ( y, ¥.o) shown in 
Figure 2, then using method (b), the normalised co-polar (5, and cross-polar (E., field components of a 
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paraboloidal reflector antenna can be expressed as (Rudge and Shirazi, 1973) 


Bon " Stott CF. e) (1 - tan*v/2 cos 2 o) + Fy (v. a) tan°v/2 sin 26) (2a) 
En * ; wh (F(v. ) (1 + tan*¥/2 cos 2 6) + ¥ (v,@) tan°v/2 ein 26] (2b) 
Pp 


where F_ and F_ are the two-dimensional Fourier transforms of the co-polar and croes-polar components of 
the tanQentialelectric field in the refleotor aperturc-plane (¢_,¢.), The transform functions can be 
expressed as integraln in terms of the primary angular co-ordinates%(9,¢) in figure 2 as: 


* 
ae 8 
F, (v, 0) = ff e, (9.0) exp[-jk R(0, ¢)] p°(o) sin 6 d0 d¢ (3) 
ar) 


where i is either p or 4} e* is the maxinum angle subtended at the focus, F is the reflector focal length, 
k = 2n/A, 4 is the wavelength and, 


p(e) = 2F/(1 + cos 6) (4) 
R(6,¢) = 2kF tan 0/2 sin W cos (¢+@) (5) 


When the. primary—feed is located at the geometric focus with its principal electric vecter aliged with 
the y axis, then the functions €9%q are given by: 


6 * 2 (a,(0,9) cos ¢ + A,(6,¢) ein ¢) exp (-jk2F) (6a) 
‘ s 
—=5 (4,(¢.¢) sin ¢ - 4,(6.¢) cos ¢) exp (~jk2F) (6u) 
where Aye 4, are the normalised spherical co-ordinate components of the primary~feed radiation. 


If, for multiple-beam purposes, the primary-feed is offset a small distance from the geonetric focus, 
the amplitude of the incident field at the reflector will be little affected. However, the movement of 
the feed phase centre will be very significant and can be accounted for by a compensatory phase tern 
exp jkRo, which will appear as a multiplying factor in equations 6, If 4, and 4, are small offset 
distances, in the transverse and axial directions respectively, and %, (measured to the x axis) denotes 
the plane of the offset, then: 


R, = 4, sin @ cos (¢ - 6.) + 4, cos 9 (7) 


Aperture—blocking effects due to the presence of the primary~feed and its supporting structure can be 
accounted for in an approximate fashion by applying the conventional shadow-diffraction technique in both 
of the scalar integral functions F,,F,. Aperture-blocking due to a central obetruction results in very 
significant changes in the sidelobe structure of the co-polar radiated field, but the cross-polar field 
has been found to be comparatively insensitive to this effect. 


3.1 Computation of the uodel 


Cowputation of the model can be made simple for reflector antennas with primary-feed illuninations 
where Ag and A, are functions only of 6. In these cases, the outer integration of equation 3 can be 
can be carried out analytically and the single integral form which remains can readily be evaluated by 
e digitel computer. Primary-feeds which satisfy thie criterion include the electric dipole, the magnetic 
dipole, the TE,; mode circular waveguide and conical hom radiators, and idealised feeds which generate 
no cross-polarisation such as the Huygen source, For cases not satisfying thie criterion it may prove 
necessary to compute the two~dimensional integrals, and this process can become costly in terms of computer 
time, A one-dimensional Romberg technique (Budge and Shirazi, 1973) which involves the use of trapezoidal- 
rule integration, with successive interval--halving aud a syatem of extrapolation to remove increasing orders 
of error, has been found very suitable for this application. The interval-halving process is repeated 
until a pre-set accuracy criterion is reached. Hence the number of iterations required to compute the 
integral is automatically minimised for the accuracy specified, 


4, CURRENT DISTRIBUTION TECHNIQES 


In principle, a general approach to the problem of calculating the field at a distance from a con~ 
ducting body, upon which an electromagnetic wave is incident, way be made by an exact application of the 
electric current distribution technique, Once the surface current is know the prediction of the distant 
fields is comparatively trivial. However, on exact solution involves the solution of coupled integral i 
equations and is practicable numerically only when the body bas dimensions of the order of the wavelength. ' 
For esooth conducting bodies which are very large relative to the wavelength the physical optics approx- ; 
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imation is coumonly invoked. In terms of an incident magnetio field (H) the approximate surface current 
(K) is taken to be 


K = ta xii (8) 


where a. {s 4 unit normal to the surface. In fact the physical optics approximation neglects an 
oscillatory component of the reflector surface current which becomes negligibly small for large reflectors. 


Within the constraints imposed by the physical optics approximation, the fields acattered frow an 
arbitrary reflecting surface can be determined providing the surface unit normal and the incident vector 
ficld can be defined at all points on the reflector. Then, for an incident magnetic field H, the scattered 
electric field E, at a large distance r is given by, (Silver, 1949), 


ce me, et am iN 


E, = 4 (I.a,+ Ta, ) exp(-Jkr) (9) 
4 
where 
Fe We s (6, 2H) em (jk P. 6) @s (10) 
x Ss i 


and a, ‘dg and a. denote unit vectors in the w, ® and r directions respectively, while P is a vector from ' 
the geometric fokus to a point on the reflector and To is the impedance of free space. j 


4,1 A Large Scale Computer Progran 


Based on an arbitrary reflecting surface approach a computer program has been writt.n at the Jet 
Propulsion Laboratory in California (Ludwig 1970) to calculate the far-field radiation patterns of 
assymetrical reflectors, This program has been extended at the University of Birmingham to deal with 
offset and distorted reflectors and has been used to study cross-polar radiation from a variety of 
reflector antennas. Although the approach is general with respect to the antenna geometry it is 
extremely difficult to specify an arbitrary reflector system with an arbitrary incident field, and, in 
practice some restrictions must be placed on the descriptions of the surface and feed to keep the input 
data to the program within bounds. Hence, sub-programs ore used to generate surface and feed data for 
configurations corresponding to useful antenna systems. 


Aperture~blocking by feed systems and supports are again accounted for, in an approximate fashion, 
by removing from the integration the surface current elements which ore shadowed. This has the effect 
of reducing the surface currents to zero in the shadowed regions while retaining the power radiated by 
the feed in those directions, thus accounting for both power loss and aperture efficiency effects. 


Since the program includes a donble integration process which may involve up to 7000 points on the 
scattering surface, a number of computational techniques have been developed and incorporated into the 
program to reduce the time and storage requirements. To define the incident magnetic field at the 
reflectiny surface the program accepts either the far-field radiation pattern of the feed or a spherical 
harmonic expansion of the field at the surface of the reflector. By matching the far-field radiation 
of o feed system to a set of spherical waves at infinity, expressions for the near-field radiation can 
be determined. This is a useful facility in dual reflector systeus where the main reflector may be 
located in the near-field region of the sub-reflector,. 


When the primary-ieed radiation has the general form, 
E (0,¢) = 4,(@) sing a, + 4,(@) cos 9 a, (11) 


which implies a circular symmetry where Ay and Ag ore independent of ¢, then measurements of the complex 
co=polar component of the feed radiation in the principal E and H planes are sufficient to completely 
characterise the feed. The proyram accepts this measured data directly, however, it should be noted 

that rectangular feeds do not satisfy this eondition and such radiators require measurements of the complex 
co-polar and cross-polar radiation in several planes. 


Within the program, the reflecting surface is described in terms of Fourier expansion coefficients 
such that, 


" 
p(6.¢) = , ai(9) cos me + b (6) sin mé (12) 
m=O 
M 
# (0.9) = > Bn (0) cos mp + SB in (¢) sin m¢ (13) 
oe 
*) (6.¢) = » -7 a(6) sin m¢ + mb,(9) cos mé (14) 
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The value of M may be chosen to allow for tilting and distortion of the reflector and a compromise between 
generality and practicality has to be made. With Me2 a tilt of up te 10° in the reflector can be 
accomodated, Offsot feed systems can thus be treated by calculating the relevant coefficients of a 
tilted paraboloid. An example is shown in Figure 3 where a contour map of the magnitude of the co-polar 
end cross-polor field is shown for a parabolo'dal reflector fed by an offset feed. 


5. THE PRIMARY-FEED PROBLEM 


Similar theoretical models to those deacribed above can be developed without difficulty using the 
other techniques discussed in section 2. In every case, however, it is necessary to specify accurately 
the primary-feed radiatien fields. The authors have found that this aspect of the modelling raises more 
difficulties than any differences encountered between the basic techniques, Although approximete 
expressions can be found in the literature, giving the radiation fields from simple feeds, a considerable 
disparity has been observed between the cross-polar components of these models. 


For a symmetrical paraboloid the maximum level of the crogs~polar field occurs in the diagonal 
planes when § = nn/4 and nis an integer. In Figure 4, curve 1 shows the measured cross-polar radiation 
pattern in the diagonal plane for a paraboloid with a diameter (D) of 38\ and a focal-length (F) of 15,2A. 
The reflecter is fed by a rectangular TE;g mode horn with aperture dimensions of 0.914 x 1.14. Super 
imposed upon this distribution are the predicted fields using five rectangular horn primary~feed models, 
All but one of the models are based upon the assumption of a TE;9 mode electric field in the horn mouth 
and are essentially derived from one of the forma of the equivalence principle discussed in section 2. 

The exception (curve 6) is based upon measured data, The derivation of the purely theoretical models can 


be summarized as follows: 
(i) Curve 2: Using horn-aperture tangential electric field only (Rudge and Shirazi, 1973, p36) 


(ii) Curve 3: = Horn-aperture tangential electric and magnetic fields related by waveguide mode 
impedance (Silver, S,1919,p343) 


(iii) No curve shown: MNorn~aperture tangential electric and magnetic fields related by free~ 
space impedance (Collin and Zucker,1969, p637) 


(iv) Curve 4: A synthesized model obtained by interpolating between the principal E and H 
plane fields obtained from method (i) assuming a dependence of the fonn show in equation (11). 


Although all of the models agree essentially with regard to the co-polar radiation from the antenna, 
the differences in the predicted cross-polar fields are obviously significant. Method (i) appears to 
give the best result while method (iii) produces a very low level of cross-polarisotion which is below 
the scale of figure 3. Curve 5 is based upon measurements of the primary-feed co-polar radiation in 
the principal E and If planes. This date is provided as input to the large scale program which inter~ 
polates between the 'neasured' fields assuming that the radiation fields satisfy equation (11) 


Similar problems exist with other primary-feed types ond since the overall cross-polar radiation 
level, in practical vases, is very largely dependent upon the primary-feed radiation, the predictions can 
have little meaning unless there is considerable confidence in the expressions used. 


6, CONCLUSIONS 


Several methods of predicting the vector radiation from reflector antennas have been examined. 
Although the predictions obtained from these methods do have inherent differences it has been found that 
the discrepancies are very small for practical satellite antenna problems. A large scale program of 
the type described here bas obvious advantages with regard to the generality of the scattering surface 
which can be treated. Jowever for many applications involving well defined reflectine surfaces the com- 
parative simplicity and low computational cost of the aperture fields methods are very attractive, A 
more serious shortcoming in the prediction techniques has been found to be that of obtaining an accurate 
description of the primary—feed radiation, Although measured radiation patterns of the primary-feed can be 
utilized as an alternative to the purely analytical approach, interpolation between the couplex co-polar 
principal~plane fields will not, in general, he sufficient for primary-feeds which do not exhibit circular 


symmetry. 
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Co-ordinate systems. 0 is the geometric focus, Py is a point 
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Figure 6 Contour nap showing field magnitude for a paraboloidal reflector in dB 
with D = 38A, F = 15,24 fed by a rectangular horn offset 1.0 
wavelength from focus; Co-polar 3} cross-polar = = - — 
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T.L._AF RHYS: My own experience leads me to support the Author in his comments on 
the Power of the physical-opties approach in a large range of problems. This has been 
generally underestimated. I believe. 

In my own work, I found it necessary to use the FFT algorithm to reduce my conputing 
time to a userul level. Has the Author considered using this technique and can he indicate 


the time that he needs in order to compute a pattern? 


AN. RUDGE: Ne have not carried out a detailed comparison of Fast Fourier Transform. 
techniques w the Ramberg method. A superficiel conparison was made and the conelusion 
veached that the FFL approach did not offer any significant advantage ower the Ramberg 
method, and was probably inferior in that the Rainberg method automatically minimises the 
number of integrand evaluationo for each calculation. Using the Ramberg method any two 
vector components (co-polar and cross~polar) at a giwen field point typically require an 
overall tine of between 1 and 2 seconds to compute. These times are for an ICL 1906A 
machine. 
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W.D.BURNSIDE;: I felt that Dr. Rudge made an excellent study of the physical-optic 
solution for various reflections. However, to complete this topic, I feel that the 
geometrical theory of diffraction (STD) ean be used with equivalent accuracy for additional 
Side lobes, spillover and back lobes. In fact, the equivelent current approach has been 
applied very successfully to this type of problem. If he is not aware of this work perhaps 
he could contact Dr. Walter D. Burnside. 1320 Kinnear Rd., Columbus, Ohio 432412, U.S.A. 


A.N.RUDGE: In our work on veflector antennas for satellites.we have been largely 
concerned with detaile of the antenna vector radiation within a moderate sized cone of 
angles about the antenna boresignt. Within this region we believe that the physical-optics 
techniques offer significant advantages over the other methods which are presently available. 
For predictions of wide-angle radiation, the accuracy of the physical-optics techniques is 
perhaps questionable and tl.ese methods certainly demand considerable computational effort 
in this region. It is in this region where I would expect the application of the GID theory 
to be most profitable. I an aware of the excellent GTD work carried out at Ohio State i 
Universty in the past and would be interested in obtaining further details of their present. 
activities. : 

G. RIBS: Please comment on the influence of the reflector on the crosa-polarisation. | 
How does this depend upon the F/D ratio’ : 
A.W.RUDGE: The current distribution method predicts a cross-polarised component of 
radiated field which arises due to axially directed currents on the reflector. The ' 
magnitude of this radiation is inversely proportional to the reflector F/D ratio. However 
with a practical illumination teper or the reflector, these couponents typically have peak 
values which ere -4O to 50dB below the pesk of the co-polar beam and in this sense the 
dependence upon the F/D ratio is reletively unisportant. Indirectly the F/D parameter has : 
& more sisnificant effect in thet it sowerns the angle subtended by the reflector at the 
priaary feed point. S.naller F/i retios iuply lurzer subtended angles and difficulties are 
often encountered in achieving low lewels of cross-polar radiation from the primary feed 
ever these larver anguler ranges. 
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PROBLEMS OF LONG LINEAR ARRAYS IN HELICOPTER BLADES 


RH J Cary 
Royal Radar Establishment, Malvern, UK 


SUMMARY 


Helicopter blades offer sitee for the inclusion of long microwave antennas to give narrow azimuthal 
beams scanned by the rotation of the blades. 


The variation of blade attitude as it rotates is such that it may lag, lead, bend in vertical and 
horizontal planes and twist, and in consequence places limits on the practical length of a linear array. 
The choice of location for antennas, either in the front or trailing edge, or out or inboard ia discussed. 
Certain advantages accrue from a design where the antenna is located near the centre of gravity of the 
blade section, and radiating rearwards through the trailing edge, which requires to be of dielectric 
material. The length of the section of the trailing edge can be employed as a dielectric tapered slab 
antenna to shape the beam in the vertical plane and give more gain and direct the beam in a given direc- 
tion. Theoretical discussion of the mechanism of this antenna and the choice of permittivity for the 
dielectric slab is discussed. High permittivity materials are not necessary, as those of low permittivity 
(1.15 ~ 1.5) have theoretically and experimentally given a considerable improvement in gain. While no 
accurate theory of the tapered dielectric slab antenna exists, the method of estimating an equivalent 
shorter uniform length for the section's tapered shape and calculating the theoretical radiation pattern 
of the launcher and end radiations, has indicated useful results in predicting experimental results 
obtained with microwave antennas in the dielectric tapered trailing section of the helicopter blade. 


In practice a beam along the trailing blade axis is not necessarily required but needs to be modified 
to cover angles somewhat off this axis, due to the variation of the angle of the blade axis as it rotates. 
Methods to produce this off-set beam are shown. 


The weight of a conventional dielectric slab antenna would tend to be unacceptable and the use of 
artificial dielectric materials has been considered to solve this problem. The design of an X band 
antenna waveguide feed and the dielectric core and skin etc of a tapered rear section of a helicopter 
blade is given. 


1 INTRODUCTION 


An increase in azimuth resolution and all round look capability may be required which are not provided 
by a conventional radar installation within the nose of a helicopter. Solutions which may give this 
requirement are, a scanning antenna mounted off the hub of the helicopter rotating above the blades, or a 
scanning antenna hung underneath the fuselage and clear of its landing gear, or an antenna housed within 
the helicopter blades. This paper concerns itself with the antenna installation in blades, which offer 
the oppurtunity of inclusion of long microwave antennas to give narrow azimuthal beams scanned by the rota- 
tion of the blades. High resolution and all round coverage suitable for navigation, mapping, search, 
landing aid, etc are possibilities with this antenna system. Among its disadvantages are that the scanning 
speed is tied to the speed of blade rotation, which if high can limit the range with such narrow beams. 


The usual arrangement is for a number of blades to be supported and rotated from a central hub of the 
helicopter. The blades consist usually of a central metallic spar section which cannot be modified, with 
front and trailing sections which are mainly of aerodynamic shapes and offer the possibility of installa- 
tion of antennas. This may be accomplished by either extra dielectric fairings added to the leading edge 
or for the front or trailing sections to he partly or wholly of dielectric material, within which the 
antennas are housed. ig 


2 AVAILABLE AZIMUTH APERTURE 


The widest aperture available would be one which employed an antenna system across the whole diameter 
of the blades. It is conceivable that an antenna in the leading edge of one blade and in the trailing 
edge of one opposite could be installed. There would be problems of making the antenna aperture continu- 
ous through the central hub region or to tolerate a gap in the middle of the antenna aperture resulting in 
deterioration of side lobe pattern in the azimuth pattern. Since the blades usually bend in the horizontal 
plane and if to maintain the azimuth beam, tne conventional maximum criterion of a quarter-wave departure 
from linearity is adhered to, it is likely that an inetallation employing the full diameter of the blades 
would be limited to the longer wavelengths. Due to the flexing of the blades in the horizontal plane, at 
the shorter microwavelengths it may be found that only a limited part of the blade length may meet the 
antenna linearity requirements. 


3 L AND S BAND DESIGNS 


At L band (30 cm) wavelengths, the usual criterion for maximum departure of a linear array from 
linearity would be 7.5 cm (quarter-wave, and similarly for S band (10 cm) would be 2.5 cm. With these 
tolerances on linearity it may be likely that the blades bending movement in the azimuth plane may 
possibly permit near the whole of a blade to be utilised or even the whole diameter to be considered. 


The antenna array at L or § band could be a conventional linear array of radiators such as hori- 
zontal dipoles located on or within the blade to minimise drag, aad giving horizontal polarisation. 
An arrangement,Fig 1,would be to space the dipoles near 3.75 cm (eighth-wave at L Band) or 1.25 cm 
(eighth-wave at S Band) from any metal surfaces, installed in a dielectric fairing on the front edge 
and on or in a dielectric trailing section. The dipoles to save weight could be metal imprints on or 
within the dielectric. Since X Band antennas in dielectric fairings on the leading edge and within 
the trailing edge have been installed, and the same techniques covld be employed for L or S Band antenna 
installation, The feed to the antenna components could be by coaxial cable or stripline, and would be 
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of waveguide which would be too large to incorporate within the blade. If the whole diameter is attempted 
to be used, the minimising of the centre gap in the aperture between the opposite blades would be essen- 
tial to ensure low azimuth sidelobes. A typical gap between blades could be an eighth of the aperture in 
length. It would appear pessible to reduce the gap by extending the antennas in a fairing closer inboard 
from the blades towards the hub. 


4 xX, K, AND K. BAND DESIGNS 
4.1 ANTENNA LENGTH 


The length of antenna which can be acconmodated within the blade is not usually the same for each 
waveband due to the non-linear movement of the blades, and the quarter-wave criterion. In consequence the 
full resolution improvement by going to higher frequencies does not always materialise. Before being able 
to determine the antenna length considerable knowledge has to be ascertained as to the blades motion, 
deflections etc through its range of speed, climb, attitude, loads etc. This can be an expensive and . 
difficult task before knowledge of the blades behaviour is available to assess the possible sites for 
lengths of antenna at various wavebands. A study on the information gathered from flight investigation of 
a particular helicopter indicated that the maximum lengths for each waveband were:- 


X Band:- 4.3m, Ky Band:- 3.3m, K, Band:- 2.3m 


The 1.8 to 1 ratio of X to kK, band antenna lengths showed that the 4:1 wavelength ratio gave only a limited 
improvement in resolution. 


The choice of the operational waveband will have to take this possible length of antenna into account 
and the resulting gain set against other factors in the operational performance equations. Additional to 
the usual radar parameters to be considered, is a scanning factor which arises because the transmit and 
receive beams except at zero range do not coincide. As the speed of rotation of the helicopter blade is 
high, typically 1800°/sec,a narrow beamwidth is scon traversed, and the narrower the beamwidth, and the 
greater the range, the larger the scanning loss. Thus the advantage of a narrower beamwidth at the shorter 
wavelengths is somewhat offset. 


The type of antennas at these X Ky K, wavebands are typically slotted linear waveguide arrays; strip 


line feeds with long antennas usually possess too large a loss to be considered. The slotted waveguides 

can conveniently be housed within the blade. At the shorter wavelengths the smaller waveguides have instal- 
lation advantages of space, but their attenuation is increased, and as the transmitter-receiver will usually 
be located in the helicopter proper, the length of feed to the antenna can be appreciable and combined with 
the antenna length loss, can favour the longer wavelength. Further the smaller the waveguide the more 
critical it is to damage and tolerance errors. Thus many factors have to be considered in the choice of 
wavelength, much will depend upon the behaviour of the helicopter blade, operational requirement and ease 

of installation. Helicopter blade antenna designs and installations have mainly settled in X or K, bands. 


In the study for the longest linear length of blade for an antenna it may in some cases be that the 
longest linear length is towards the far end of the blade. Installation of an antenna in the end section 
of the blade has the disadvantage of increased outboard weight and increased loss and weight due to the 
longer feed to the radiating antenna. Usually a reasonable length of antenna can be found in the inboard 
section of the blade which does not have such disadvantages, and it may on balance be preferable to have 
a somewhat shorter antenna inboard than a longer one outboard. Where a helicopter has more than four 
blades a degree of screening from an adjacent blade may have to be considered. 


The extension of the length of an antenna by incorporating phase correcting elements along its length 
to maintain linearity of phase front may be considered. Sensing devices of the variation of the blade 
shape with different angles of rotation, loads, etc would be required to provide information to adjust the 
phase shifters. This method of obtaining a longer antenna appears t» present problems of control, instal- 
lation and disadvantages in weight complexity and cost and would have to be set against the simpler 
installation of the shorter antenna with no phase shifters. 


4.2 ANTENNA SITE IN BLADE SECTION 


The section of the blade consists of three parts, the main spar and fore and aft sections. The main 
spar is usually not considered suitable for modification but both fore and aft sections have been utilised 
for inclusion of end-fed long linear waveguide arrays. 


4.2.1 ANTENNA WITHIN THE FORWARD SECTION 


Forward of the main spar is a metallic aerodynamic shaped section which contains the balance weights, 
located behind the leading edge. One installation(Ref 1)machined a rectangular section in the leading 
edge into which the linear end-fed waveguide was located, Fig 2(a). A dielectric cover over the waveguide 
preserved the original contour of the blade. This method introduced structural problems and would be 
costly to manufacture and would suffer from erosion in service. 


4.2.2 ANTENNA EXTERNAL TO LEADING EDGE 


Due to the complexity of installing the waveguide array within the leading edge, installations have 
been made externally on the leading edge. Ref 2. A dielectric fairing is contoured on to the leading 
edge and contains the antenna. Fig 2(b). The advantage of this is that tne installation is relatively 
simpie and does not interfere with the blade proper apart from balancing. One disadvantage is that it 
has some loss of performance aerodynamically and whiie tending to give more lift, does give some more drag 
and loss of range. The other disadvantage is the erosion of the dielectric cover which needs periodic 
attention. 
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4.2.3 ANTENNA WITHIN THE TRAILING EDGE SECTION 


The trailing edge was also a site available/for a linear end-fed waveguide array to be installed, by 
making the trailing section of dielectric. Ref 1, Fig 2(c). This antenna may function with a very stiff 
blade, but this site would offer difficulties with a less stiff blade which bends in the azimuth plane. 
Typical of such blades are those where the rear section consists of individual pockets along the length 
of the blade,the gaps between which open and close as the blade bends. The site in the trailing edge is 
furthest from the centre of gravity and any additional weight will have the maximum effect requiring the 
maximum counter balance. The support of the waveguide near the trailing edge requires extra support 
structure with additional weight, and counter-balancing. 


4.2.4 ANTENNA WITHIN THE AFT BLADE SECTION 


Locating the antenna close to the main spar in the rear section has the advantage of being near the 
centre of gravity. Fig 2(d). It does require the rear fairing to be made of dielectric material which is 
not necessarily a disadvantage, as it can permit the inclusion of elements to narrow the radiation in the 
vertical plane as required, which is not available by either antenna in the leading or trailing edges, 
thereby increasing the gain. 


4.3 RADIATION PATTERNS 
4.3.1 AZIMUTH PATTERNS 


The azimuth pattems can be derived from the end-fed slotted non-resonant waveguide arrays. The 
aperture distribution along the length of the antenna is chosen to suit the gain, beamwidth, and sidelube 
requirements. The resultant beam from the non-resonant slotted array will have a slight squint from the 
normal to waveguide axis, except in the case of the Holey array Ref 1 where the array of holes give a 
large squint and loss of effective aperture as a result. 


In the case of the installation of the antenna aft of the spar, there is space usually to install 
either broad face or edge slotted waveguides to suit either vertical or horizontal polarisation require- 
ments. 


4.3.2 THE VERTICAL PATTERN 


Antennas located in the leading or trailing edges have very limited aperture and the patterns in 
the vertical plane are similar to that of the basic waveguide slightly modified by the dielectric cover. 
Consequentiy beamwidths at X Band of such installations have been of the order of 80°, At K_ band with 
some directivity possible, give near 50°. be 


The blade as it rotates, varies its axis 1n the vertical plane according to the load and its angle 
in the azimuth plane. On some helicopters this variation could be of the order of 20°. Thus to ensure 
coverage, a fairly wide beam is required in the vertical plane, and the very broad beams in the leading 
trailing edge installations more than achieve this. 


4.3.3 ANTENNAS TO GIVE VERTICAL PATTERN GAIN 


With the antenna source located aft of the main spar, by virtue of the broad width of the section at 
this point, and the available length of the trailing section, this site offers the opportunity of designing 
the vertical pattern to give increased gain. 


The construction of the trailing section, is usually a tapered metallic honeycomb core with thin 
metallic skins, both of which may be replaced by dielectric material. Fig 2(d). The dielectric skins 
are typically 0.4mm thick of glass fibre-resin of permittivity near 4 and the core of Nomex type honey- 
comb of permittivity near 1.05. 


The waveguide source located aft of the main spar radiates in the direction along the blade axis and 
will feed through the honeycomb and the skins before finally radiating. The honeycomb by virtue of its 
shape and permittivity greater than 1 will tend to behave possibly like a polyrod type antenna. The skins 
due to the higher permittivity of 4 will cause reflections particularly as some of the angles of incidence 
are very high being near 84°. 


4.3.4 ANTENNAS OF TUNED ELEMENTS TO CONTROL THE VERTICAL PATTERN 


Among antennas which may be installed in the trailing sections are those which employ tuned director 
elements. Fig 3. The inclusion of tuned elements en the surface of the skins was not thought to be prac~ 
tical due to possible changes in their tuning, due to surface painting, contamination, erosion, humidity 
pick-up and possible damage. The inclusion of tuned elements within the blade at X K, or K, band appeared 


to present problems of installation of very small precise elements in exact positions within the blade. 
The nearest approach to this was a solution to horizontal polarisation which divided the honeycomb into 
upper and lowec layers between which was disposed a Nomex sheet on which were printed the metal elements. 
Difficulty of control of the glue line and exact positioning of the honeycomb on to the centre sheet 
arose which detuned the radiators in an unpredictable manner, led to the abandonment of this solution 
particularly as it was not favoured by the aircraft manufacturer, who was not enthusiastic to cut the 
uoneycomb to insert the sheet of tuned elements. 


4.3.5 ANTENNAS OF UNTUNED ELEMENTS TO CONTROL THE VERTICAL PATTERN 


The site of the source aft of the main spar and the tapered section lends the configuration to be 
studied possible as a polyrod or rather a dielectric tapered slab antenna, which behaves in a somewhat 
different manner. The basic action of the pulyrod is discussed prior to summarising results of a thevre- 
tical study of the slab type antenna. 
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4.3.5.1 THEORETICAL DISCUSSION OF BEAM SHAPING BY DIELECTRIC TAPERED SLAB 


The dielectric rod antenna has been extensively studied by Ref 3-7. The early simple explanation of 
the dielectric material giving a phase delay to the radiation and collimating as a lens did concur with 
some experimental results with short lengths of material, but not in general, particularly with longer 
lengths of dielectric. The other simple explanation by ray tracing and considering transmission and 
reflection at the boundaries of the dielectric material was also not tenable, since for instance a material 
of low permittivity, where the amplitude of reflection is negligible, would permit the waves to escape, 
whereas, it ia now known that a portion of the launched radiation is trapped as a surface wave. The advent 
of surface wave theory has thus helped to explain the mechanism of the polyrod. A review of theories by 
Ref 3-7 has helped explain the action. Consider a dielectric rod, it will channel electromagnetic waves 
in a similar manner to metal waveguides, the main difference is that some of the channelled power flows 
also outside the guide. The resultant surface waves flow on both sides of the dielectric boundary. For 
dense materials only a small fraction flows outside, whereas for low permittivity materials the majority 
is external. Ref 8. The launching of the wave in che dielectric rod from a source is not necessarily 
complete, the result is that some radiation takes place at the feed to the dielectric and the rest from 
the dielectric material. It is well established (Ref 8) that if the dielectric material is a rod or slab 
of uniform thickness there is essentially no radiation once the wave is launched in the dielectric material 
until the wave reaches the discontinuity at the end where it radiates with some reflection taking place. 
There are waves vhich continually leak radiation as they travel along the rod but these are only weakly 
excited. (Ref 7). Thus the final field pattern is mainly the result of two radiating sources, one at 
the launcher and one at the far end of the uniform dielectric rod or slab. The percentage power of the 
two radiations is determined by the efficiency of the Launching. 


When the launcher aperture is small, the aperture of the radiation of the end of the dielectric rod or 
slab is generally of greater extent and can thereby beam the radiation. James Ref 8-10 has shown that by 
calculating the ultimate aperture of the surface wave at the end of the uniform dielectric rod or slab 
and combining it with that of the launcher, the gain and far field pattern can be predicted. 


No accurate design data exists for the tapered rod or slab dielectric which can leak radiation along 
its length, though recent papers suggest methods to attempt to solve this problem, Ref 8, 9. James suggests 
that the tapered dielectric may be regarded as a number of infinite steps each of which produce an impedance 
discontinuity which causes, at each step, a loosening of the field within the dielectric and the surface 
wave to be more external, and a degree of radiation to take place. Thus the tapered dielectric material 
resultant far field is a combination of the radiation from the launcher, the radiation from individual 
points down the tapered dielectric and the surface wave aperture at the end of the taper. An experiment 
combined with theory (Ref 8) of an 8.8 wavelength long perspex (e * 2.56) tapered section rod from .7 to 
.3 wavelength indicated however that this taper gave little radiation from its length, and the far field 
could be forecast by considering the launching and end radiation. Fig 4. A long dielectric slab of the 
same cross-section and material as that of Fig 4 was found experimentally by the author to give a much 
wider beamwidth in the plane perpendicular to the slab axis, indicating the infermation gained froma 
similar section polyrod is not necessarily applicable to a tapered dielectric slab. 


As regard the helicopter blade tapered dielectric material, the question arises, though it may be 
possible to consider a material of e = 2.56, what was likely to be the most suitable permittivity for the 
configuration and was there in fact a wide choice likely to give directivity. 


Due to the complexity of the tapered helicopter's blades dielectric section and difficulties of 
theoretically computing its performance, Callett and James (Ref 11) have suggested that a guide to obtaining 
theoretically the radiation patterns of the helicopter blade, would be obtained by an approximate method of 
assuming the tapered section ag of a mean uniform dielectric slab. Fig 5(a). Computed patterns for the 
launching horn and dielectric slab have been made for various permittivities Ref 10. The patterns in the 
vertical plane are shown in Fig 5(b), and indicated that for the dimensions concerned the gain falls off 
with the higher permittivities. The theoretical results indicate that the addition of the dielectric slab 
can give a gain near 4dB over the horn launcher and 7dB over the waveguide alone. In this configuration 
the gain can be obtained with a low permittivity slab material resulting in the minimum weight increase 
and modification to the helicopter blade. 


Experimental vertical petterns and relative gain for a length of slab antenna with sectional dimen~ 
sions as the tapered helicopter blade shape, with various permittivities are shown in Fig 6(a) and 6(b) and 
indicated also that a low permittivity of near 1.3 gave the greatest gain. 


Another experiment with a fixed longitudinal length of slab antenna, variation of the length of the 
dielectric tapered section, for a particular permittivity indicated that gain is sensitive to length of 
the tapered section. Fig 6(c). The gain curves in some cases have marked ripples, particularly the 
1.75 permittivity, where the reaction between launcher and tapered dielectric radiations is most severe. 
Thus it would appear that the optimum conditions for gain of a particular dielectric shaped tapered slab will 
depend on its length, and a corresponding suitable dielectric, and an efficient launching system. The maxi-~ 
mum gain appears to be at least that which would be from the equivalent aperture of the square root of the 
sectional length of the dielectric, as for conventional and fire arrays. The gain obtained by the addition 
of the dielectric slab decreases with increase in launcher aperture. (For a two wavelength aperture 3 dB 
and for one of four, near O dB). 


Comparison of the theoretical estimate and the practical results showed a similar permittivity between ' 
1.2 to 1.35 as giving best gain, However exact correlation would not be expected, since the theoretical 
method assumes the tapered shape to be equivalent to a shorter uniform length, and a suitable phase rela- 
tion ig given to the launcher ard end radiation. 


5 AN X BAND DESIGN STUDY OF VERTICAL PATTERN GAIN 
5.1 THE REQUIREMENT 


The trailing edge of the blades of a particular helicopter changed its axis as it rotated, from 
near 0° to 25° down. Thus the radiation if beamed along the trailing edge blade axis would radiate 
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downwards neurly al} the time, whereas it was always required to radiate horizontally. Thus the beam 
would be required to radiate up to 25° above the blade axis as well as along the blade axis, a coverage 

of 25°. The launcher waveguide is positioned in the blade where the width is near 1.1 wavelengths and its 
polarisation was horizontal. The sectional length of dielectric tapered trailing section was near 3° 5 
wavelength (Fig 7(a)). Thus the problem was to raise the beam above the blade axis to cover the 25. of 
blade axis variation and to narrow the beam to give more gain. 


5.2 DIELECTRIC ANTENNA WITH PERMITTIVITY NEAR 2.2 


As the beam was required to be directed upwards to cover 25°, an application of the dielectric 
antenna design would be to arrange for the axis of a suitable dielectric to lie at an angle of say 124° 
within the blade. To obtain the longest sectional length of tapered dielectric the waveguide source is 
confined in the lower portion of the blade and fed from the waveguide to a short .4 wavelength metal horn 
enclosing a dielectric constant material near 2.2 of length 3.8 wavelengths. 


Calculation from theory showed that this would give a beamvidth near 44°, neglecting the effect of 
the honeycomb and the akins. An experimental model with a suitable dielectric of polythene gave a verti- 
cal pattern ag in Fig 7(b) with a beamwidth near 40°, similar to that forecast theoretically. The experi- 
mental model using polythene would have resulted in a considerable weight increase in the blade. To mini- 
mise the weight problem an artificial dielectric consisting of layars of short dipoles closely spaced 
within a lightweight foam giving a permittivity near 2.2 and loss tangent 0.01 (Fig 7(c)) was used to 
replace the polythene and achieved similar patterns. The construction of the blade with this foam still 
gave an undesirable weight increase and a difficult construction of skin, honeycomb, artificial dielectric 
and foam, to manufacture. Further the positioning of the waveguide located near the lower metal dielectric 
joint which was a high stress region was not favoured by the blade structural designer. 


5.3 DIELECTRIC ANTENNA WITH LOW PERMITTIVITY 


The theoretical studies of dielectric slabs has shown that beam directivity can also be obtained 
with quite low permittivities provided the launching of the waves is efficient. This has been confirmed 
by experiment and considerable gain has been achieved along the blade axis. In the case of the dimensions 
of the model, and pattern measurements Figa 5 and 6 a permittivity near 1.25 would give most gain. 
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Considering the X Band blade model to achieve this efficiency, the waveguide source needs to be within 
a metallic horn of the optimum aperture width offered by the blade ie 1.1 wavelengths. The horn is pro- 
vided by the metallic surfaces of the blades, and the rear spar, and encloses the waveguide feeding the 
dielectric fairing. The required permittivity of 1.2 to 1.3 can be obtained with negligible weight 
increase by using the form of artificial dielectric consisting of metal imprints on the honeycomb material, 
er on thin dielectric material laid in the honeycomb cells as required. A design as Fig 8 gave a bean- 
width of near 24° radiating along the blade axis. 


The requirement of radiating at an angle above the blade axis was achieved by extending the side of 
the horn feed under the blade. Fig 9(a). The exact mechanism of this is not clear. The extension may 
have acted as a reflecting earth plane or it may have caused an assymmetry and phase difference in the 
surface waves on the upper and lower surface of the blade. 


The pattern resulting from this arrangement shown in Fig 9(b) gave suitable coverage in the horizontal 
plane independent of blade angle in the vertical plane. 


A pattern obtained with a lower permittivity near 1.08 is shown in Fig 9(b). 
6 A K, BAND DESIGN STUDY OF VERTICAL PATTERN 


At K. band the available aperture at the waveguide source was near 2 wavelengths and the length of the 
dielectric available was near 11 wavelengths, Fig 10(a). By designing the waveguide into a horn of 2 
wavelengths aperture a beamwidth near 30° is obtained. With an artificial dielectric of permittivity 
1.25 a narrow beam of 13° width is obtainable on blade axis and with a permittivity of 1.07 19° beamwidth. ' 
A beam directed up off blade axis by 13°, with a permittivity 1.2, a 18° beamwidth was obtained. 


While these beams gave considerable gain, they were possibly embarrassingly narrow in the helicopter 
under study. To exploit the gain, a design which attempted to maintain a relatively narrow beam pointing | 
at the desired vertical angle incorporated a double source. By control of power and phase in each wave- 
guide, the beam could be maintained at a particular angle in the horizontal plane, independent of blade 
&xis movement. Fig 10(b). 


7 MECHANICAL DESIGN FOR X BAND MODEL 


7.1 WAVEGUIDE 


Weight being important, in an X Band design speciel Duraluminium waveguide was used which had the 
advantage of maximum strength to weight ratio. The shape of the guide is near rectangular with all corners 
radiused, The rounding of the waveguide was recommended to relieve, at the corners, any sharp stresses 
being transferred to a similarly shaped tube in which it was located. Fig 11(a). 


The waveguide is held at the inboard position and rests in a tube in which it is free to elongate due 
to forces as the blade rotates. The freedom of movement of the waveguide longitudinally envisaged the 
minimum stress put on to the main spar. 


Conventional edge slots were chosen as this suited the application, though broad slots would also have 
been practical. Though slots weakened the waveguide, it was calculated this was preferable to using 
radiating round holes which squint the beam to such an extent that considerable aperture is lost. 
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The waveguide lies in a glass fibre tube of 0.15 mm thickness. At the front face of the tube the 


thickness is reduced to 0.075 um to reduce the material in direct contact with the slots, which have to be 
tuned in conjunction with the tube and whole blade section. Fig 1l(a). 


7.2 CORE 


The dielectric support material within the trailing edge is Nomex honeycomb, in which may be located 
as necessary, metal imprints of shortened digoles on Nomex sheet. 


7.3 > SKINS 


The sking in the trailing edge are of dielectric resin-glass fibre 0.38 mm thick. Matching the skin 
may be achieved by wires as inductances in the skin for perpendicular polarisation as arises from horizon- 
tal polarisation. The wires lying longitudinally along the blade spaced 12mm apart and of 0.1mm diameter. 
The wires are laid between the two layers of glass cloth forming the skin. Various methods to match 
vertical and circular polarisation are outlined in Ref 12. 


7.4 METALLIC SURFACES 


The forward metallic skin is jointed to the dielectric skin as convenient to the manufacturer. The 
joints may be at the positions as required by the metallic launching horn and the metallic earth plane, 
or if nearer the main spar, thin wires set in the dielectric skins to simulate the horn and earthing plane 


are necessary. Fig 11(a). ‘ 
7.5 BLADE POCKETS 


Since some blade designs, as for instance in the helicopter under study, have considerable flexing, 
the trailing edge sections are normally made in short lengths, called pockets. Fig 11(b). Between each 
pocket is a flexible joint which compresses and stretches in both planes as required by the movement of 
the blade. It is important that the joints between these pockets are not such that they produce regular 
discontinuities across the aperture. By making the pockets of different sizes the regular pattern is 
broken, and by using the minimum amount of jointing material which has to be dielectric, minimum degrada- 
tion of the azimuth patterns and sidelobes can result. 


7.6 ANTENNA FEED 


From the blade antenna to the centre hub, the waveguide system has to provide components capable of 
following the blade actuations of pitch, twisting, lag, lead etc. These elements have to operate in an 
environment of vibration buffeting and weather, and need to be designed accordingly. Fig 12. 


From the centre hub to the transmitter receiver compartment within the helicopter, the waveguide has 
to incorporate a rotating joint system. The waveguide may on some helicopters be able to run down the 
centre of the hub and through the gear box and have a simple rotating joint system. If this is not 
possible the waveguide run would be external and a split waveguide "round the hub" rotating joint required. 


8 CONCLUSIONS 


Various sites have been considered for long antennas from L to K, Band in helicopter blades and the 
overcoming of problems that arise have been discussed. 


At the shorter microwavelengths (X K K_), a site aft of the main spar in a dielectric trailing sec- 
tion has the advantage of being near to thé céntre of gravity. It has been shown theoretically and experi~ 
mentally that an antenna radiation if launched efficiently into the dielectric section, whose permittivity 
is suitably chosen can permit a control of its vertical pattern to be made, with improved directivity and 
gain. High permittivity materials are not necessary as those of low permittivity (1.15 ~ 1.5) have given 
considerably improved gain. 


While no accurate theory of the tapered dielectric slab antenna exists, the method of estimating an 
equivalent shorter uniform length for the tapered shape (Ref 11) and calculating the theoretical radiation 
pattern of the launcher and end radiations, have been useful in predicting the experimental results obtained 
with microwave antennas in the dielectric tapered trailing section of the helicopter blade. 


Methods have been found to radiate the beam off axis to maintain the radiation in the horizontal 
plane, while the helicopter blade performs its various movements as it rotates. 


To minimise weight the antenna may be constructed of lightweight waveguide, with the use of artificial 
dielectric materials in the blade's dielectric honeycomb, to give the required permittivity for the dielectric 
slab, and thin wires can be used to match the dielectric skins, and metallic foil or thin wiren used to 
simulate the horn and its extension, as necessary. 
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Fig.4 H_ plane radiation of dielectric rod antenna 
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Fig.5(a) Helicopter blade antenna and approximate model 
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BLADE ANGLES OF TILT 


FIG.7 (b) 
BEAM TILTED UP FROM BLADE AXIS 
BY DIELECTRIC SLAB 


FIG. 7 (c) 
DIELECTRIC ANTENNA 
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Fig.7 Beam tilt by artificial dielectric ¢ = 2.2 
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Fig.8 Blade antenna with artificial dielectric 
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VERTICAL PATTERNS OF PLANE EXTENSION TO TILT BEAM 


Fig.9 Tilted beam with earth plane extension 
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Fig.10 Ku band antenna 


WAVEGUIDE WITH ROUNDED CORNERS 


IN DIELECTRIc TUBE O-lSem THICK 


SKINS o. 
WIRES | 








35em WITH MATCHING 
cm APART 0.005 em DIA. 





CORE WiTH METAL IMPRINT To FORM 
ARTIFICIAL DIELECT 


RIC IF MORE GAIN 
1S NECCESsary 


(a) EARTH PLANE, THIN WIRES OR FOIL IN OR ON SKIN 





“POCKETS OF DIFFERENT LENGTHS 


Fig.1} Mechanica} details of x band antenna 








CRETE OE TEE SY RT FEIT EIT 












WISTABLE “LINE 
STRETCHER 


JOINTS TO ACCOMMODATE LAG, FLAP 
& PITCH MOVEMENTS 


FIG. 12 (a). 
WAVEGUIDE RUN BLADE TO HUB 





WAVEGUIDE FEED THROUGH ROTATING 
JOINT ON CENTRE LINE OF HUB. - ie 
WAVEGUIDE FEED ROUND THE MAST 
JOINT ROUND HUB. 
FIG. 12 (b). 


WAVEGUIDE RUN THROUGH HUB 


Fig. 2 Waveguide feed to blade 
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DISCUSSION 


JeF- GOB : Bid you consider the possibility of frequency acanning; for 
example to keep the beam in a given direction independently of the blade rotation? 


R.HeJ-CARY: The blades rotate at nearly 200 r.p.m. but not in a perfectly circular 
motion. e lag and leaa angle is measured mechanically and is fed to the radar rotating 
display so that the beam pointing is truly recorded. We have not used frequency shift to 
squint the beam in order to compensate for this lag and lead angle of the blade. I do not 
coneider it possible to xeep the beam in a given direction continuously, for inatance for 
communication. The antenna is mainly on all round look device. 


C.ANCONA: What is the opinion of the pilots about flying with such "electromagnetic" 
blades 


R.H.JsCARY: The integration of the waveguide inside the blade has needed considerable 
testing to be mechanically satisfctory. As a precaution a limit of 200 hours is placed on 
the antenna, but this will be extended to the full life of the blades as experience is 
gained. The pilot is happy with the safety factors and should be pleased to have such a 


high reaolution radar map. 


T.W.BAZIRE: Increased gain would be achieved by reducing the vertical beamwidth, but this 
would require control of beam direction in elevation to compensate for varying tilt of the 
blade. Have methods of uchieving such control been considered? 


R.H.»JeCARY: A vertical stack of two waveguides within the blades has been considered, 
with a phase shifter in one guide feed to nove the beam in the vertical plane, but it is 
more complex and when more confidence in the system is gained perhaps this method will be 
used. 


J. _VAN_BLADEL: Was the Doppler effect of any significance in the operational use of the 
helicopter borne systems? Whot cre typical rotetional speeds for the antenna elements? 


ReHeJeCAkY: The typical speed is 150-700 r.pem This speed limits the range of a 
radar system with very narrow beamwidths, but the Doppler effect is not significant unless 
one is interested in M.T.I. 
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SYSTEME D'aANTENNES A COMMUTATION REALISANT UNE COUVERTURE AVION AUX NORMES AEROSAT 
par 


C,. ANCONA et P, FROIDURE 
STAREC : 12 avenue Carnot 
9130G MASSY ~ FRANCE 


RESUME 3 


Les projets de satellites aéronautiques nécessitent & bord d'avion des systémes 
dtantennes qui assurent une couverture hémisphérique avec un gain minimum donné, 


Trois types de solutions sont envisageables 4 les réseaux & balayage électro- 
nique, les solutions & orientation mécanique et les systémes d'antennes commutables que 
nous aborderons ici. 


On examine dans la premiére partie de l'exposé quelques aspects thdéoriques de 
ce probléme, On met d'abord en évidence les relations entre la couverture angulaire sou-~ 
haitée, le gain dans l'taxe de ltantenne assurant cette couverture, et le gain minimum 
dans la fone angulaire considérée (gain marginal). 


Ces ralations sont traduites sous forme d'un réseau de courbes permettant, soit 
dtoptimiser le gain marginal, soit dteffectuer un compromis adéquat pour miniaturiser 
ltantenne, ou au contraire, pour l'agrandir et améliorer ainsi sa protection contre les 
trajets multiples. Les hypothéses faites sont celles de diagrammes de révolution &a profil 
classique (non formé). 


Cn examine ensuite, l'association optimale de n diagrammes de révolution du 
type décrit ( 3 ga <8 Jen vue d'obtenir le pourcentage maximum d'angle solide couvert 
par rapport A l'hémisphére limité & des sites de 102, Les résultats obtenus sont présentés 
sous la forme de courbes permettant de déterminer, & partir du nombre d'antennes supposées 
orientées de fagon optimale, et de la couverture individuelle de chaque antenne, le pour~ 
centage total de couverture qui peut @tre assuré, 


La seconde partie de ltexposé concerne deux exemples de réalisation utilisant 
les résultats théoriques généraux exposés dans la premiétre partie, exemples pour lesquels 
on a choisi d'utiliser respectivement 4 et6 antennes, 


Apges avoir presente les diegrammes de rayonnement de ltantenne élémentaire 
proposée (dipéles croisés dans une cavité cylindrique), on met en évidence les couvertures 


respectives obtenues sous forme de courbes iso-gain, On souligne les caractéristiques opé—- 
rationnelles pour les principales routes aériennes en radio~communication ( un seul satelli- 
te) et en localisation (deux satellites) y compris la protection contre les trajets multi- 
ples ("multipath"), et l'on présente un exemple d'implantation & bord dtavion, 


On conclut en soulignant les possibilités offertes par l'utilisation d'antennes 
commutables quand le gain marginal désiré est modéré (g ~4 dB). 


I. INTRODUCTION 





Les projets de satellites aéronautiques nécessitent & bord d'avion, des systdmes 
d'antennes gui assurent une couverture hémisphérique limitée & un site de 109 en général, 
avec un gain minimum donné,. 


Trois types de solutions sont envisageables : les réseaux A balayage électroni- 
que, les solutions & orientation mécanique et les systémes d'antennes commutables, que nous 
aborderons ici, 


Le principe d'un systéme d'antenne commutable assurant une couverture hémisphé~ 
rique consiste & implanter sur l'avion un certain nombre d'antennes, chacune assurant la 
liaison dans une portion de lthémisphtre (fig. 1). 


Parmi les caractéristiques définissant ce type de solution, deux présentent une 
importance particulitre : ce sont le nombre d'antennes élémentaires nécessaires et le gain 
minimum assuré dans la cauverture. 


Ces deux caractéristiques sont liées l'une & l'autre; en effet, un gain minimum 
élevé dans toute la couverture ne pourra @tre obtenu qu'au prix d'un nombre important d'an- 
tennes élémentaires; inversement, il est théoriquement impossible d'assurer un gain minimum 
supérieur & 3 dB & l'aide d'une antenne unique. 
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Dans le but d'éclairer le compromis A réaliser entre le nombre d'antennes élé~ 
mentaires que lton voudrait le plus petit possible, et le gain minimum assuré dans la 
couverture que l'on désire maximiser, nous allons examiner tout d'abord le cas d'une an-~ 
tenne élémenteire assurant une portion de la couverture totale, Pour cette antenne, sup- 
posée de révolution, nous dégagerons les relations entre la couverture angulaire souhai- 
tée, le gain net dans lfaxe de ltantenne, et le gain minimum net dans toute la couverture 


(gain marginal). Nous examinerons ensuite ltassociation géométrique optimale de plusicurs 
antennes identiques,. 


La seconde partie de ltexposé montrera deux exemples de réalisation possible 
optimisée & ltaide des résultats généraux exposés en premiére partie, ainsi qu'un exemple 
dtimplantation A bord d'avion. 


II. OPTIMATISATION DES COUVERTURES ANGULAIRES 


II.1. Analyse des caractéristiques de l'antenne élémentaire 
vr la figure 2, nous présentons les diagrammes relatifs de plusieurs antennes 


s 
de gains différents; on constate que la couverture angulaire dans laquelle le gain est 


supérieur ou égal A O dB varie, et passe par un maximum pour une certaine valeur du 
gain dans l'axe. 


Pour étudier de facon plus précise ce probléme, nous ferons les hypothéses sui- 
vantes 3: 


1) La forme du diagramme de rayonnement exprimé en dB d'une antanne au voisinage du maxi- 
mum est assimilable & un arc de parabole. 


2) Le gain maximum d'une antenne est égal, & une constante pras,& la directivité du lobe 
sectoral de révolution ayant pour largeur la largeur & 3 dB du diagramme de rayonnement 
de l'antenne considérée. 
En appellant : 
@, : la largeur angulaire & X dB de gain net du lobe principal d'une antenne,. 
Gm : le gain maximum net par rapport aA l*isotrope de cette antenne (en décibels). 
a ¢& la largeur & 3 dB du lobe principal de cette antenne. 
Les hypothéses ci~dessus conduisent alors & la formule suivante : 
(x)? Gy - X i 
—_————w 1 4 
Tw 
qui traduit ltallure parabolique du diagramme de rayonnement : 
et Gm = 10 logy 47 ) 


27 (1 = cos o/2) } 





( 
} -A 
( 


2 ) 
( -A (2) 


f 1=cos g/2 ) 


ol A est une constante lide au rendement de l*antenne aux pertes par désadaptation, par 
taux d'ellipticité, etc... dont la valeur est estimée & 2 dB. 


= 10 logyo 





En éliminant q entre les formules (1) et (2), nous avons tracé un réseau de 
courbes donnant la largeur utile 0, du lobe de l'antenne & X dB de gain net, en fonction 
du gain maximum net Gy en considérant X comme un paramétre. 


On constate que chacune des courbes de ce réseau (fig, 3) présente un maximum : 
ainsi la couverture angulaire maximum que l'on peut réaliser avec un gain de 4 dB net 
(X = 4 dB) est de l'ordre de 80%; pour un gain net de 7 dB, la couverture angulaire maxi~ 
mum est de 60° environ et tombe & 40° environ pour un gain net de 10 dB. 


Notonsa enfin que l'adgrien assurant la couverture angulaire maximum avec up 


gain net donné est velui qui présente un gain maximum supérieur de 4,3 dB au gain demandé 
dans le sone aA couvrir. 


Par exemple, l'antenne élémentaire qui assurera la couverture angulaire la 


plus large avec 4 dB de gain net dans toute le couverture sera celle qui présente un gain 
maximum net de 4 + 4,3 = 8,3 dB. 





ET REET A CEE PET ET LET 


18-3 


Ce résultat est en parfait accord avec les travaux de J.W. DUCAN (Réf.1); otest 
une propristé intrinséque du lobe & 4,3 dB qui apparaft ainsi comme une valeur remarquable, 
I1 ne stapplique cependant rigoureusement qu'aux antennes de révolution ayant un diagramme 
de rayonnement d'sllure parabolique. 


Signalons qutii n'est pas toujours nécessaire d'adopter les solutions optima 
représentées sur la figure 3 . On peut @tre conduit & s'en écarter quitte & augmenter leur ! 
| nombre, soit pour avoir des antennes élémentaires de plus petites dimensions, soit ‘pour 
admettre desantennes plus grandes en vue d'améiiorer la protection contre les trajets multi- 
ples e i 

t 
1 
| 


II.2. Agsociation géométrigue optimale de plusieurs couvertures angulnaires de révolution 
identigues 


La couverture angulaire de ltadérien élémentaire étant connue, se pose alore la j 
question du pourcentage maximum de couverture réalisable par rapport A la zone & couvrir 
pour un nombre donné dtaériens élémentaires identiques. 


11.2.1. Principe gu calcul de ltoptimum de la couverture 


Ce calcul d'optimum est purement géométrique; il revient & se donner n cénes 
de largeurs angulaires 0, et & rechercher l'arrangement de ces cénes conduisant & la 
meilleure couverture. 


En fait, si on se limite & n 6¢ 8, l'ensemble des configurations intéressantes 
se raméne A deux groupes. L'un ot les n lobes sont pointés au méme angle d'élévation et 
équidistants en azimut, l'autre déduit du précédent en rajoutant un lobe au 2énith. i 


Pour chacune de ces deux configurations, et chacune des valeurs de ( n« 3 n «8), 
nous avons calculé le pourcentage de couverture obtenu pour différentes valeurs de ltan- 
gle 4 entre le zénith et l'axe du céne. 


La fig. 4 représente un exemple du résultat des calculs, effectués dans le cas | 
d'un c8ne au zénith entouré de 5 cénes Latéraux, 


Sur les uxes ox et oy, nous avons porté respectivement ltangle au sommet des 
c6nes (0, ) et ltangle de l'axe de ces c6nes avec le zénith (0) ; sur l'axe vertical est 
porté le pourcentage de couverture correspondent. 


On constate que le pourcentage de col'verture croft avec l'angle au sommet o, 
des cénes et passe par un maximum en fonction de QO. 


A chaque angle au sommet des cénes ®, correspond done une valeur maximum de ' 
couverture réalisable; la fig. 5 présente le rvseau donnant ces vaieurs maximum en fonc~ ! 
tion del'angle au sommet des cOnes. Le nombre ' de cénes (ou lobes circulaires) étant 
pris comme paramétre. La configuration corresp»ndant & la figure 5 ne comporte pas de 
lobe au zénith. 


La figure 6 donne un réseau de courbes analogue dans le cas de la configuration 
comportant un lobe au zénith. 


L'examen des courbes données aux fiyttres 5 et 6 permet de déduire les largeurs 
utiles de lobe permettant une couverture total® de l'hémisphére & ltexclusion des sites 
inférieurs & 109, en fonction des nombres de !obes et de leur arrangement, Ces valeurs : 
sont reportées dans le tableau ci-dessous. 


LARGEUR UTILE DE LOBE ASSURANT UNE COUVERTURE A 100 % 


eee ee 


8 $ t 3 8 
NOMBRE DE LOBES t $ $ $ 3 
8 s 3 t t 
t $ $ t 3 
’ 3 3 3 


4 5 6 T 8 
ARRANGEMENT 3 
vow ree OO EE ET en ree en | EERE RS KNEES RR SENSE Soe rer On EI 
sans lobe au : s $ 3 t 
Zénith 3 989 : 902 3 8Be : 869 s 848 
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$ i 3 5 
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Ayant montré précédemment (fig.3) qu'une antenne élémentaire ne peut pas assu- 
rer un gain net supérieur & 7 dB dans un lobe dépassant 602 de largeur, nous concluons 
qu'il est impossible avec les hypothdses faites d'assurer une couverture avion A 100 % 


aux normes AEROSAT avec un gain minimum de 7 dB avec un nombre dtantennes commutables 
limité a 8. 


III, APPLICATION A_LA DEFINITION D*UN SYSTEME D*ANTENNES 








Nous venons de voir que la réalisation d'une couverture avion & 7 dB de gain 
net avec un nombre raisonnuble (n <8) d'antennes commutables de dimensions acceptables, 


est impossible, nous nous attacherons donc & la réalisation d'une ccuverture & gain plus 
faible soit + 4 dB de gain net. 


Le réseau de courbes présenté & la figure 3 montre que ltantenne réalisant une 
cbuverture optimum & + 4 dB de gain net & un gain maximum not voisin de 8 dB. 


Ltaérien que nous avons retenu (figure 7) se présente comme une cavité cylin- 
drique de diamétre 140 mm environ et de 60 mm de profondeur fermée par un radéme plan. 


Dans cette cavité sont implantés deux dip6les symétriques orthogenaux, alimentés & ltaide 
d'un coupleur 3 dB. 


Les performances de cette antenne dont le diagramme de rayonnement est donné A 
la figure 8 sont les suivantes 3: 


~ gain maximum net (toutes pertes comprises) (eee eee eee eee eee eee eee eee 8 aB 
~” largeur utile du Lobe a + 4 aB de gain NOt coccccvcccacccreenssccssesees 802 


~ Taux dtellipticité CHSC HSE HEHEHE HEHHESHHSHHHHEESES HEH OKRHCORH EHO EH OTE EO ES 6 2 dB 


En reportant le lobe utile de 802 sur les figures 5 et 6, on peut dresser le 
tableau ci-dessous donnant en fonction du nombre dtantennes, la couverture maximum réali- 
sable, pour les deux types de configuration ; 











3 3 : 3 2 3 ) 

) NOMBRE D*ANTENNES 3 8 : : t : ( 

( : t : : : : ) 

s 3 3s 4 3 5 § 6 3s: 7 8 8 
3 : 2 t t 3 

iis ae ae Mee: ee Leet! 
sans lobe au s 3 8 3 8 3 

) Zénith , 81% | 93% 5 97 % 198,5 % 199,45 % » 100 % 

Sy eG ew Oe Ae gee eg A Re ee pe eg, er aen ge me) 

avec lobe au 3 3 3 t $ 8 ( 

( Zénith t : 83%: 98 % 3100 % 3100 % : 100% 

alsin iii 


On constate que jusqu'éa quatre antennes, la configuration sans lobe au sénith 
est plus intéressante, Nous la considérerons comma la solution minimum au probléme posé. 


La couverture & 100 % est réalisable & l'aide de six antennes dont une au 
génith; cette configuration vonduit & un pointage des antennes latérales plus bas sur 
lthorizon, donc & une protection contre le multipath plus faibles pour cette raison nous 
lui avons préféré la configuration sans antenne au sénith qui conduit & un pourcentage 


de couverture maximum de 98,5 % mais assure une meilleure protection contre "les trajets 
multiples", 


Sur les figures 9 et 10, nous présentons sous forme ce courbes iso-gain, les 
couvertures obtenues avec quatre antennes, et six antennes. 


En vue de préciser les caractéristiques opérationnelles de ces couvertures en 
radiocommunication (liaison avec un seul satellite) et en radiolocalisation (liaison si- 
multanée avec deux satellites), nous avons superposé aux courbes iso-gain, les directions 
sous lesquelles les deux satellites sont vus de l'avion pour un certain nombre de vols 
représéntatifs, dont quelques uns sont représentés &h la figure 11. 


Le tableau ci-aprés résume les principales caractéristiques opérationnelles 
des couvertures obtenues avec 4 et 6 antennes. 
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: 3 
Nombre d'antennes $ 4 { 6 
( Pourcentage de couverture & + 4 dB : 94 % , 99 &% ) 
} Protection contre le multipath & - 102 de: : 
} site : 3,3 % 4 4B 3,68 3,9 4B / 
t : 
Fonctionnement en radiocommunication : $ 3 
Pourcentage de vols(sur 15 vols) assurés : : 
totalement & : +7 GB de gain net .eeeeee ~ : 67 % ) 
+ 4 dB de gain net wreoves 100 % : 100% ( 
( Fonctionnement en radiolocalisation ( x ) ; ) 
) Pourcentage de vols (sur 15 vols) assurés* 3 
( totalement avec : : : ( 
) ; : 
( =~ 7 dB sur 2 satellites crcsscccccceesecece 0% : 0% 
- 7 aB sur 1 satellite et 4 dB sur l'autre: 0% : 20 % 
] 4 - 4 dB sur 2 satellites crcrcccccceccccores 0 % 3 40 % 
" . g 3 3 
F -~ 4dB sur 1 satellite et 1 dB sur l'autre: 87 % 3 100 % 
- 3 2 ) 
; ———_$>—— 
é | ( x ) Les deux satellites étant stabilisés: sur l'iAtlantique * par 202 ( 
. ) : : ) 
é ( Quest et 602 Quest. : 3 ( 
, } ; : 


Le tableau ci~dessus montre qu'une couverture avion en bande L, réalisée 
gr&éce & 6 antennes fixes commutables, permet d'assurer comtamment le fonctionnement 
_— en radiccommunication avec au moins 4 dB de gain net et en radiolocalisation avec au 
: ; moins 4 dB de gain net sur un satellite de 1 dB sur l'autre; en outre, dans environ 
70 % des vols considérés la radiocommunication est assurée avec + 7 dB de gain pen- 
dant toute la durée du vol: 


La figure 12 donne un exemple d'implantation sur un avion rapide, les aériens 
étant entiérement encastrés, deux étant situés & droite et deux & gauche de l'avion 
dans la partie supérieure du fuselage. 


Sur la m@me figure, nous présentons un exemple d'implantation sur avion sub- 
sonique des six aériens groupés sous un radome profilé faiblement saillant placé sur 
le dessus du fuselage. Cette implantation a l®avantage d'éviter des percages impor~ 
tants dans la structure et done un affaiblissement de celle~ci. 


Notons que pour les deux exemples ci-dessus, l'implantation des antennes dans 
le fuselage au--dessus des ailes, devrait condjuire & une amélioration de la protection 
contre les multitrajets. 
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Aécien encastré bande L 
Diagramme do rayonnement 
(Polarisation inéalre tournante) 
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figure 10 
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R. REITZIG: For simultaneous contact to two satellites there are instances in which 
two antennas Rave to be operated simultaneously. Dosen't this give severe interference 
provlemes. 


P, FROIDURE: The beamwidth at +1dB of gain for the antenna chosen is about 100%; | 
aleo there is such an overlap of antenus diagrane that it is always possible to rind one 
of the six antennas on which the gain is et least +4dB towards one satellite and 
Bimultaneausly +1dB towards the other satellite (at least for all the considered aircraft 


paths) 
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A LINEAR ARRAY OF BLADE ANTENNAS AS AN 


AIRCRAFT ANTENNA FOR SATELLITE COMMUNICATION 


O.B.M. Pietersen, J.P.B. Vreeburg, F. Klinker 
National Aerospace Laboratory NLR 
Amsterdam, The Netherlands 


SUMMARY 


In 4 ground-satellite-aircraft communication system the aircraft antenna is a critical part 
since it has to meet the typical environmental requirements and possess a rather high gain. This 
paper describes a suitable antenna system, installed on a Fokker Friendship aircraft. It consists 
of a Jinear array of blade antennas, a power division and phase shifting network in coax technique 
and a manual controlled beam selector/indicator. The design of the array is based on a mathemetic- 
al model that has been constructed from theoretical considerations and experimental results. 
Mutual coupling effects are accounted for by using scattering coefficients. With the aid of a 
computer the spacings between the antennas were determined in such a way that a nearly constant 
directivity in the yaw plane of the aircraft could be expected. 


The performance of the array was evaluated in several flights in which radiation patterns 
were measured in the receive and the transmit mode. From these measurements it is concluded that 
with the linear phased array of eight blade antennas a gain of 10 dB can be achieved. The antenna 
coverage in the yaw plane equals 360°, in the pitch and roll plane 25°. 


1. INTRODUCTION 


With the advancement of (geostationary) communication satellites the number of applications 
of such satellites is steadily increasing. A particuler class of applications concerns the 
communication (including surveillance and navigation) to mobile ucers in parts of the globe that 
are otherwise rather inaccessible. An important example of such a mobile user is an aircraft over 
an ocean. 


In a ground-satellite-airzraft communication system the aircraft antenna is a critical part 
because it hac to meet the demands imposed by the aircraft environment and at the same time 
possess a rather high gain. If the antenna is placed outside the skin of the aircraft it should be 
able to withsta.d th2 loads (e.g.vibration) that are generated by the high speed airflow around 
the aircraft, even when it is covered by ice (icing condit ons). Also, the disturbances in the 
airflow that are caused by a protruding antenna should not degrade the stability and flying 
characteristics of the eircraft. If the antenna is inside the skin, it usually requires an 
appreciable amount of space. Also, the dielectric cover that is flush with the contour of the 
aircraft will degrade the electromegnetic signal and, may be more important, the load carrying 
ability of the airvraft skin. 


The gain required of an aircraft antenna for satellite communication, deperds on the fre- 
quency and bandwidth of the electromagnetic signals and on the cheracteristics of aircraft and 
satellite equipment. However, increases in gain will lower the requirements, end hence the 
costs, of the equipment. Depending on the purpose and use of the communication system an 
optimum antenna gain et the current state-of-the-art may be defined. Among the candidate antenna 
systems with a gain of up to about 10 dB, linear arrays of simple and cheap antennas appear to 
be reasonable choices. This paper containe a discussion of the characteristics and performance of 
@ linear array of & blade antennas which has been installed on top of a Fokker F-27 aircraft and 

.used for voice communication in the lower UHF region via the geostationary LES-6 satellite. 


2. DESCRIPTION OF THE ARRAY 


The antenna system consists of a linear array of eight UHF blade antennas, a power division 
and phase-shifting network with associated control logic, and a beam selector with indicator. The 
applicable phase-shifts and mutual distances between the elements obtained from predicticn of the 
achievable anten-e patterns. In the mathematical model used “or this prediction the incorporation 
of the ectual scattering coefficients is essential. Therefore these coefficients were measured on 
a (partial) mock-up of the aircraft. The array was optimized in such a way that the antenna system 
possesses a nearly constant directivity over 360° in the yaw plane and meets the absolute gain 
requirements derived from th: power budget calculation, The elements are not uniformly spaced; 
towards the ends of the array the blade antennas are gpaced more closely than at the wrray center. 


The power division is accomplished by hybrid T's. The phase-shirting is obtained by inserting 
ditferent lengths of coaxial cable between hybrids and the array elements. It was possible to use 
the same coaxial lines for both the t ansmit and the receive node of the anteuna although the 
applied frequencies were some 50 MHz ipart. The iengths of the coaxial phase shifters were opti- 
mized for the receive frequency because tie aatellite-to-aircraft link was recognized as the most 
demanding one in the system. Only the control logic for the phase shifters had to be specialized 
for either mode. The manual control of the beam direction is achieved by comparing the aircraft 
heading and the satellite position. In twelve steps the full 360° of the yaw plane are covered, 





3. DESIGN 
3.1. Number of elements 


Power budget calculations for the up and down links of the aircraft satellite system showed 
tnat the highest demand on the aircraft antenna is e gain of about 10 dB in the down link (i.e. 
aircraft receiving). Comparison of the geometrical array factors for linear phased arrays 
indicates that a gain of 10 dB should be obtainable with 8 blade antennas. Besides, selection of 
an array of this size is attractive in view of power division considerations. 





{ 
! 


Additional justification for the selection of 8 elements is provided by the fact that a ; 
similar array developed by the Canadian Armed Forces consists 2f 9 elements and has been reported : 
to work satisfactorily (Lambert, J.D. et al, 1969). 


3.2. Array theory and verification 4 


in order to predict the performance of the linear array, a theory was derived and tested. A 
full ‘description of the theory and of the experimental results for a linear array of three blade 
antennas is given in an earlier publication (Vreeburg, J.P.B. et al, 1971). The experimental ; 
results were obtained with the array installed on a mock-up of its immediate electrical environ- { 
ment on an F-27 aircraft. It was found that the measured radiation patterns agreed well with the : 
patterns predicted by the theory. For example, the sidelobe levels were predicted with an average 4 
accuracy of 1.5 dB as compared to 2.0 dB for the geometrical array factor. 4 


In the derivation of the employed theory two important assumptions have been made. First, 
ea-h antenna in the array radiates the same pattern, and second, the contribution of each antenna 
to the total field is determined by the phase and amplitude of the antenna current at a specific | 
location on that antenna.’ In the sequel this location will be referred to as the phase center of ; 4 
the antenna. oot 

The first assvmption implies that there is no electromagnetic coupling between the antennas. 

However, by the second assumption, the mutual effects can be accounted for in an integrated form : 
by their influence on the locations of and the conditions at the phase centers of the antennas. ae 


Although the phase center has been defined, it is still impossible to determine its location Nase 
without kuowledge of the current distritution on the antenna. Therefore, it is assumed that the + 
current distribution on the antenna is rather simply related to the current distribution in the 
feeding line. Then the phase center can be defined sensibly in the coaxial line of each antenna. roo 
Experiments that corroborate this assumption are given by Angelakos, D.J., 1951. io 4 


The current distributions in the feeding lines are determined from the excitation waves and 
the measured self and mutual scattering coefficients of the antennas in the array. Thus, when a ; : 
location in a feeding line has been chosen the phase and amplitude cf the current at that location ! 
are known. 


Two different definitions of the phase center Jocations were tried and checked experimentally 
for the 8-element array. The first definition puts the phase center at a location of maximum 
current in the line on the expectation that large currents in the feeding line will correspond to 
large antenna currents. The second definition locates the phase centers at some suitably chosen 
constant distance from the antennas. This distance is determined by matching selected measured 
radiation patterns te theoretical patterns, using the pattern of a single antenna without neigh- 
bouring elements as the element radiation pattern. 


The results obtained by the use of the two different defiritions were compared with measure- 
ments on a linear array of three blade antennas (Vreeburg, J.P.B. et al, 1971). Each definition 
gave about equally accurate results although the pattern predicted by one definition was different 
from the pattern predicted by the other. 


After the geometry of the 8-element linear array had been finalised, the theoretical 
radiation patterns, predicted by the different definition of the phase centers, were compared with 
measured patterns, It now appeared that the assumption of a phase center at a constant distance 
from the antenna in the Jine gave better results than the alternative definition of the phase 
center as the location of maximum current. 


3.3. Choice of configuration and excitations 


The selection criteria were: 

(1) uniformity of the directivity over the scan range, i.e. the composite radiation pattern 
for all excitations should be approximately circular in the azimuth plane, 

(2) the number of main veams required to fulfil criteria (1) at the two frequencies should 
not be very large, i.e. successive beams should overlap efficiently, 

(3) insensitivity to small errors in spacing and excitation, i.e. small changes in the 
geometry or excitation should give only a small degradation in overall performarice, 


(4) the total length of the array must not exceed the available installation space on the 
fairing. 


After an equidistant 8-element array had been installed on the mock-up of the F-27 aircraft, 
the scattering coefficients were m-:asured and empirical functions were determined that gave close 
representationa of the measured coefficients, These functions were used to calculate the perfor~ 
mance of different array geometries for a range of excitations. 
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Tne "best" choice of array geometry was found to possess the following spacings between the 
successive elements (in meters): 0,54 - 0,56 ~ 0,62 = 0,62 ~ 0,62 - 0,56 ~ 0,5h. 


Finally, by 4 try-and-error procedure, using computations and pattern measurements, a satis- 
factory aggregate of beam directions and their corresponding excitations was obtained. 


4, CONSTRUCTION 


The 8-element blade antenna array has been instalied on top of the F-27 Troopship by means of 
a fairing between the cockpit and the wing. The total length on the fairing available for install- 
ation of the array was 4.77 m. A picture of the installed array on the aircraft is given in 
figure 1. 
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The method of using a fairing rather than installing the blades directly on the aircraft wag 
chosen because; 

1) the antenna cables could be guided through the fairing and brought into the interior of 
the aircraft through an existing hatch of the pressurized cabin, 

2) the installation could be prepared largely independent of the aircraft so that actual 
installation time was minimal, 

3) remodification of the aircraft after the experimentr would be easy because the pressurized 
cabin hull had not been pierced. r 
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A possible disadvantage of the fairing could be degradation of tne antenna radiation patterns : 
due to the influence of its geometry and/or unsatisfactory electrical connection to the fuselage. ' 
Therefore the fairing was simulated on the mock-up of the F-27 and its effects investigated. No 
adverse influences of the chosen fairing geometry on the antenna characteristics were found. 


The influence of the protruding parts of the antenna system on the flight characteristics of 
the aircraft had been estimated to be minor. In order tu check this estimate, a test flight with ; 
the aircraft was carried out after installation of the fairing with antennas. The results of this 
flight accorded with the expectations, no appreciable deterioration of aircraft performance has 
been observed. 


5. EXPERIMseNTS 
5.1. Background information 


The experimental program to test the array antenna performance should be interpreted in 
view of the ain of the antenna development. This aim is tu show the feasibility of a linea: array 
antenna for satellite communication in the lower UHF region. 


If for each beam excitation the full three-dimensional radiation pattern of the array were 
known, one would have complete information about the antenna. A very extensive test program is 
required to collect this information and a large part thereof (e.g. the detailed sidelobe struct- 
ures) would not be necessary to demonstrate antenna feasibility. Thus, only the most important 
perts of the different radiation patterns have been measured. 


The experimental program has been carried out with three systems, viz.: 
- airborne station: RNL4F F-27 Friendship : 
~ groundstation: Physics Laboratory RVO/TNO, The Hegue i 
~ satellite: LES~-6. 


The geostationary LES-6 satellite is visible jrom the Netherlands at an azimuth engle of 234° 
(magnetic north = 0°) and an elevation angle of 18°. The satellite contains a repeater that 
receives at a frequency of about 302 MHz and transmits at 249 MHz. 


5.2. Pattern measurements 


The overall system configurations during the recording of the radiativn patterns at tne : 
transmit frequency and at the receive frequency of the array, is given in figure 2. 

It is known that the signal transmitted by the LES-6 satellite exhibits a fading of up to 6 dB 
with a period of about 6 seconds. This fading is related to the spin rate of the satellite. 
Because these amplitude variations are superimposed on the radiation pattern, the recording of the 
field strength must be at a sufficiently low rate so that the spin fading contribution can be 
recognized and subsequently eliminated. 


Radiation patterns with the array in the receive mode have been recorded in the aircraft. The 
groundstation tranemitted a constant signal to the satellite and monitored the satellite output 
signel so that the recordings made in the aircraft could he corrected for variations in satellite 
output power. 


To obtain the "azimuth" radiation patterns a full turn waa flown in approximately 12 minutes 
at a speed of about 160 knots. The bank-angle was kept as small as possible. 


Points of the radiation pattern in the pitch-plane were measured while the aircraft climbed 
or deacended at a4 conatant pitch argle during half a minute. During these manoeuvres the courge 
was kept constant at 234° or 54° and the constant pitch angle was chosen between -15° and +15", 








ee FI OE ETRE Ya ETT, FT TT TI TT 
Pee { 


ag OE ETE EET NTE 


In the transmit mode, a constant signal was generated in the aircrart and transmitted to the 
satellite. The output signal from the satellite repeaver was recorded at the groundstation. At 
the same time, heading informatiun was sent from the aircraft to the groundstation via a line-of- 
sight VUF link. 


Gain measurements have been carried out in the transmit mode for the two endfire beams. The 
gain was determined by comparing the satellite output power when illuminated by both a known up- 
link signal and by the signal from the array. 


Recording equipment in the aircraft consisted of a photopanel recorder, a galvanometer 
recorder and an x-y recorder. The photopanel recorder was used mainly for registration of the 
flight parameters which included the various angles that fix the attitude of the eircraft. The 
gulvanometer recorder registered the field strength, aircraft heading, time and beam number. 
These recordings were the most accurate and have been used to construct the radiation pattern 
figures. The x-y recorder was used to obtain quick-look information. Correlation between the 
photopanel and galvanometer recorders was obtained by time synchronization. 


At, the groundstation information was recorded on x-y recorders. Again, time synchronization 
allowed to correlate the recordings in the aircraft and the groundstation. 


6. RESULTS 
6.1. Power patterns at 249 MHz (Rezeive mode) 


The aircraft heading and the field strength were input simultaneously in the x-y recorder 
onboard the aircraft in order to have an immediate check on the (approximate) correctness of the 
data. Figures 3 and 4 contain photographs of radiation patterns that were recorded in flight by 
the x-y recorder. Notice the pronounced effect of the sateliite spin fading on the patterns, 


The patterns recorded during level flight do not represent the diregtivity of the antenna in 
a horizontal plane. Because the satellite is viewed under an angle of 18 , the radiation pattern 
is measured parallel to the surface of a cone with an apex angle of 36. Figure 5 contains an 
envelope of 411 main beams recorded in level flights for the array in the receive mode ana hence 
gives an accurate indication of the coverage of the antenna. The information presented in figure 
5 has been recorded on the galvanometer recorder during a number of flights. 


Figure 6 shows the power pattern in the vertical symmetry plene (pitch plane). Pitch angle 
information was obtained from the pnotopanel recorder, the field strength from the galvanometer 
recorder. Correlation between these recordings was obtained from time synchrcnization. 


6.2. Power patterns at 302 MHz (Transmit mode) 


The field strength measurements were recorded on an x-y recorder at the groundstation. The 
power transmitted from the aircraft to the satellite was held constant at 50 Watt. Heading inform- 
ation from the aircraft was transmitted via a VHF link between aircraft and groundstation. The 
results are given in poler form in figure 7 and are seen to be similar to the patterns in the 
receive mode. 


No data were taker. of the transmit power pattern in the pitch plane of the aircraft because 
pitch angie information could not readily be transmitted over the VHF link to the groundstation. 


6.3. Multipath effects 


From the measurements taken during rectilinear flights with constant climb or descent rates 
some conclusions about multipath effects can be dgawn. Figure 8 shows photographs of the galvano- 
meter recordings for aircraft pitch angles of +10° and -10° which were obtained for the determin- 
ation of the array pitch plane patterns in the recejve mode. The low frequency component in the 
field strength recordin, is caused by the spin fading of the satellite (in thin case about 5 aB 
maximum). The high freq.ency component in the signal is due to multipath fading. The mechanism 
involved is as follows. 


During climb or descent of the aircraft, its height above the ground varies and thereby the 
difference between the path lengths of the direct and ground-reflected rays from the satellite to 
the aircreft. Hence the phave difference between these two signals will vary which appears on the 
recording as an amplitude modulat:.on of the sum signal. The beat frequency of the sum of the two 
rays will be (see Figure 9) 


f= 0,62 ; sina 
where V represents the aircraft speed and a the pitch angle. 


The formula shows that f increases with sin a. This effect shcws clearly on the ieft hand side 
of figure 8 and corresponds to the transition of the aircraft from horizontal flight to a 10° dive. 
The dependence cf f on V is also apparent in the recording because during climb (dive) with con- 
stant pitch f decreases (increases) with V. 


Near the end of the 10° climb, the beat frequency is about 5 Hz which corresponds to an air- 


craft speed of 55 m/sec. This speed (107 knots) accorded with the measured aircraft speed at that 
moaent hence one must conclude that the observed effects are indeed due to multipath fading. 
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The amplitude of the multipath fading depends on the shape of the antenna radiation pattern 
and the reflection coefficient of the earth. For a dielectric constant between 5 and 20 (land), 
angle of inciaence of 18° and vertical polarization, the reflection coefficient will be less than | 
0.15 (Klinker, F. and Pietersen, 0.b.M., 1970). This value corresponds to a fading of 3.2 dB if { 

‘the radiation pettern does not discriminate between the direct and the reflected ray. Uhe maximum ' 
multipath fading observed on any of the pitch plane pattern recordings was about 2.5 dB. 


Ts CONCLUSION 


The experimental results presented in tiuis paper show that for an F-27 type aircraft a 
linear array of 8 blade antennas constitutes a feagible satcom antenna when gains of about 10 4B 
are required at elevation angles between 5° and 30°. 


The range of elevation angles is somewhat arbitrary because it depends on the particular 
blade antennas that are used. However, when the quoted range applies, the antenna will be operat- 
able in about 44 ~/o of the coverage area cf the geostationary satellite. Outside this area the 
gain of the antenna will not suffice to allow satcom during level flight. 


The measured results are corroborated by the experiences gained during voice communication 
tests. It has been observed that intelligible conmunication between groundstation and sircraft 
could be maintained during level flight for all aircraft headings. 
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Figure 1: Blade antenna array installed on top of the airoraft. 
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Figure 2: System configurations for the recording of radiation patterns. 
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Figure 4: Inflight reoording of the near broadside 
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Figure 5: Composite power pattern of the array in the receive mode. 
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Figure 9: Multipath fading due to earth reflections. 
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DIscussiox 


R. REITZIG: For aircraft satellite communicatication one usually employs circular 
polarization. Your blade antenna, however, uses linear polarization which incorporates 
a 3@€B gain loss. What are the particular advantages of your blade radiatora? 


Q.B. PIETERSEN: The main reason for use of the vertical polarized blades was the 
commercial availability of these radiators, Further, the maximum directivity of the 
blade on top of the aircraft is just in the direction of the satellite (about 18 degrees 
elevition angle, looking from Western Europe) The positioning of circular polarized 
elements (e.g- crossed siots), with the full advantage of 3dB more gain should require 
two linear arraya at both sides of the eircraft. 
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UHF LINEAR PHASED ARRAYS FOR AERONAUTICAL SATELLITE COMMUNICATIONS 


by 


H.L. Werstiuk, J.D. Lambert, L.A. Maynard and J.H. Chinnick ! 
Communications Research Centre, 
Department of Communications. 
P.O. Box 490, Station "A", 
Ottawa, Canada, 
K1N 8T5 


SUMMARY 


An ultra-high frequency phased array antenna has been developed at the Communications Research 
Centre (CRC) aud test flown on a Canadian Forces C-47 Dakota and a C-130 Hercules. Successful voice com- 
munications were achieved with the aircraft terminals via the Lincoln Experimental Satellite LES-6 at 
300 MHz. The prototype antenna system consists of nine blade antenna elements mounted along the top of 
the aircraft fuselage. The antenna is electronically scanned and generates a series of symmetrical coni-~ 
cai fan beams. The electronics necessary to control the array scan are relatively simple because of the 
single dimension of the array and the insensitivity of the patverna to large phase errors at each element. 
This paper describes the techniques ueed to construct the phased array, and some of the test results ob- 
tained. Two methods developed to provide automatic tracking for the array are also described. 


CRC has sponsored contracts with the Canadian Marconi Co. to adapt the phased array design for 
operation at 1500 MHz. Results of the experimental hardware development for this antenna system are dis~ 
cussed. It is intended that this antenna system will satisfy the communication and position-determinatiorn 
requirements of aeronautical satellite systems. 


1, INTRODUCTION 


In the design of satellite systems for aeronautical applications, the gain of the mobile 
gtation antenna is an important variable used in performing studies of cost effectiveness. Increasing the 
antenna gain of a station allows the system designer to allucate the available satellite power either te 
support more communications services or to improve the quality of these services. 


However, satellite communication antennas on-board aircraft pose a serious design problem, The 
provision of an aircraft antenna with gain higher than that of an omnidirectional antenna introduces pro- 
blems involving the optimization of gain, coverage, and multipath rejection. Because of these difficult- 
ides, a major concern in aeronautical satellite system design is the development end evaluation of suitable 
antennas for aircraft. The selected antenna system should be economical, reliable, and easily inetalled. 


This paper describes the initial design and development of a linear phased array undertaken at 
CRC in the period 1968-1972. It aiso describes contract work which is present)y being carried out by the 
Canadian Marconi Co. to adapt this array for operation near 1500 MHz. The latter develoment is expected 
to result in an antenna system capable of satisfying the communication and position-determination require~ 
ments for proposed aercnautical applications. 


2. SELECTION OF AN ANTENNA 


Many different types of antennas have been proposed (References 1-4) for airborn< use with 
satellites but basically they fall itn one of two groups: 


a) Low-Gain Antennas (0-4 dB) 


Three or more omnidirectional antennas are installed in advantageous locations ov the air- 
craft fuseluge, (e.g., One top-mounted ard two side-mounted). The use of multiple antennas 
partially overcomes the gaps in coverage experienced with a single-location omnidirectional 
antenna. 


b) High-Gain Antennas (8-10 dB) 


Proposals to uchieve these gains involve the use of linear and planar phaser arrays, 
either in eingle or multiple-location installations on the aircraft. 


The airborne antenna development program at the Communications Research Centre has been cun~ 
cerned with UHF antenna design in the high-gain category. A phased arrsy was chosen for the development 
program because it has two unique advantages over other antennas: 


1) It is composed of small, mechanically simple, streamlined elements which can be located 
with some flexibility on the aircraft fuselage. This feature is particularly useful 
since sperific fuselage structures tend to linit the available positions for antenna 
mounting. a 


2) High-speed, electronic beam steering can be «sed, since there are no mechanical time 
sonsiants to restric*® the rate of scan. 


A linear phased array was selected because it has several advantages over more complex, multi- 
dimensional arrays. For example: 


1) The single dimension of the array results in considerable simplification of the electronics 
required to control the arrey. 
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2) The rotational symmetry of the patterns about the aircraft fore-and-aft axis means that 
aircraft roll will not affect the beam position required to access the satellite. Hence, 
any automatic tracking system for the phased array need consider only aircraft pitch and 
yaw. 


; 3) The array patterns end gain are relatively insensitive to phase errors at each element 
4 of the array. This permits use of a simplified two-bit phase shifter. 


3. 300 MHz PROTOTYPE ARRAY 


3.1 Design Considerations 


The antenna patterns for a linear array of isotropic elements were initially predicted with the 
aid of a computer in order to study the effects of parameter changes. The predicted patterns were shown 
to have rotational symmetry about the array axis (Fig. 1) so that the beams formed sections of cones. 

Thus one parameter, the cone angle, completely specified a beam direction with respect to the aircraft. 


The patterns shown were calculated for a linear array of tsotropic elements, The use of non~isotropic ’ 
elements (e.g., blades) modifies the amplitude of the patterns, but the desired beam directions remain 
the sauwe. 


The thickness or angular width of these cones varies from 40° along the axis of tue array to 
9° in the broadside direction, measured to the -1.5 dB points. It was determined that the entire 
azimuth-elevation hemisphere could be scanned with 27 different beam directions (or cone angies) assuming 
overlap at the 1.5 dB pointes for adjacent beam lobes. It was further determined that the scan require~ 
ments could still be achieved using 90° phase quantization at each element instead of a unique phase shift 
for each beam direction. These simplifications result in a considerable reduction in the complexity of 
the array electronics. 


The actual array was constructed using nine standard UHF monopole blade artennas mounted near 
the top centerline of the aircraft fuselage (Fig. 2). The blades were spaced at approximately half- 
wavelength intervals, so that, at 259 MHz, the total array length was about five métres. As shown in 
Fig. 3, the blades are connected to a Phased Array Driver (PAD), which contains the phase shifters and 


4 logic required to steer the antenna. Pointing directions for the antenna are fed to the PAD from a Phased 
E Array Tracker (PAT), which contains electronics for automatically steering the array as the aitcraft 
manoeuvers. 


3.2 Phased Array Driver 


The PAD unit controls the electrical phase of the signals propagating to and from the antenna 
elements. As shown in Fig. 4, it contains phase shifters, a power divider/combiner, and associated 
digital control circuits. 


Each of the antenna elements is connected to the PAD with an equal length of coaxial cable. 
f The center element in the array is considered to be the reference eiement, and the other eight are equipped 
5 with phase shifters. The signal at each of the elements is capable of being independently phased at 0°, 
f +90° and 180° with respect to the signal at. the reference element. This quadrature phase shifting is 
achieved by means of four-position PIN diode switches which are in turn controlled by digital-driver 
circuitry and a phase-selector matrix. The selector matrix decodes a desired antenna direction into a 
set of positions for the phase switches. The resulting phase shifts at the individual elements have the 
effect of reiuforcing an in-phase signal in the desired beam direction. 


Pointing directions for the antenna are fed to the selector matrix from a control unit which 
is located at the operator's position. When controlling the antenna manually, the operator must know 
: both the aircraft heading and the satellite position in order that he can select the array beam which 
: will access the satellite. 


In its prototype torm, the PAD is not capable of simultaneous phasing for both transmit and 
receive signals, which have a 50 MHz frequency separation, 


3.3 Phased Array Tracking 


There are several automatic beam steering techniques which can be employed with an airborne ' 
phased array. These include: 


1. Direct tracking from the aircraft navigational instruments. The tracker must be updated i 
with satellite position every few degrees of aircraft position change. 


2. Scan-tracking over array beam positions. A full or partial scan is triggered by a preset 
signal strength threshold and programmed to select the beam producing the maximum signal { 
strength. 5 


3. Scan~tracking over all possible phase combinations of the elements. This is the ex- 4 
haustive search technique and would suffer from time Limitations. i 


4. Hill climbing on the received signal strength by adaptive adjuetment of array phasing. 
Initially, the first of these tracking techniques was implemented. A system was developed i 


which accepted ..tellite azimuth and clevation inputs from the operator and :sed the aircraft gyrosyn 
compass system to steer the antenna automatically as the aircraft manoeuvere?. j 


As shown in Fig. 5, the three-phase signal from the aircraf’ c.umpass system passed through a 
synchro-differenttai transformer which subtracted satellite azimuth f1.m aircraft heading to determine 
the required beam-azimut] or the antenna. The resulting information vam converted to a seven bit 
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digital signal, and gated into one of a series of beam-selector matrices by the elevation control. The 
beam-selector matrix used the beam-azimuth signal to select the correct antenna beam number for the phased 
array driver. 


The major limitation with this tracking method was that operator input was needed to orient the 
antenna before communications could take place. Clearly, a "hands-off" beam pointing scheme was required 
which would simplify the operation of the airborne terminal, making it a "push-to-talk" radio like the 
other systems in the aircraft. 


A second tracking method, the "scanning" tracker, was therefore selected for evaluation. It 
was designed to maintain satellite acquisition by periodically searching through ell antenna positions 
for the one which provided maximum received signal strength. One complete search required 250 ms when 
operated with a beacon i. ceiver having an integration time constant of 6 ms. This resuics in a break in 
voice comaunications of approximately one syllable each time a search took place. 


Figure 6 is a block diagram of the scanning tracker. The Central Processing Unit (CPU) is 
essentially a hard-wired, €4 instruction computer and is responsible for all timing and sequencing events. 
A description uf the operating sequence follows: A scan is initiated by the control unit. The CPU re- 
sponds by forcing the.array driver and the radio equipment into the receive mode. It then begins to 
steer the array veam sequentially through the entire hemisphere, pausing on each beam position long enough 
to store the received beacon level into an analog memory unit for that particular beam. The CPU then 
sweeps the D/A converter output downward until at least one of the analog comparators senses a match 
with its analog memory unit output. This is the signal for the CPU to discontinue the D/A scan, adjust 
the gating circuits, and poll the comparators. When the appropriate comparator number has been identified, 
the gating circuits are again adjusted to allow the selected number to be passed on to the PAD as the 
selected beum. The CPU then releases the array driver and radio equipment from the forced receive mode 
and returns to standby, awaiting another trigger from the control unit or the search mode control logic. 


The scanning tracker and the compass-input tracker were designed to be easily interchangeable. 
They use the same cabling and the same power source in the aircraft. 


3.4 Performance of the Prototype Array 


A number of tesc flights were conducted in the period 1968 to 1971 to determine the extent of 
agreement between theoretical and actual array patterns. The measured data from the tests were used to 
make up more accurate antenna pointing charts and to adjust the automatic tracking devices used with the 
anteana system. Two installations were evaluated; one on a C-47 aircraft, and the other on a C~130 aircraft. 


Figure 7 shows a typical plot of a measured array beam pattern compared with the theoretical 
plot calculated for an array of isutropic elements. The greater gain of the measured pattern {1s due to 
the non-isotropic nature of the blades which form the array elements. 


Figure 8 is an overlay of the plots ef theoretical array coverage for all directions from the 
aircraft, at 30° 2levation. The variation in th+ width of the beams from the broadside to the for-and-aft 
axis can be observed. A corresponding plot of neasured patterns for the C-47 Installation is shown in 
Fig. 9. Using the 945 dB gain circle as a reference, this composite plot for the C-47 shows no significant 
null for any beam azimuth. Figure 10 is a composite plot of measured patterns for the C-130 installation. 
A noticeable degradation is evident toward the rear of the aircraft, and it ig accounted for by the high 
wing and pronounced vertical stabilizer of the C-130. A five degree error in pointing accuracy is esti- 
mated for the measurements due to the effects cf compass system inaccuracies. 


During the test and demonstration phase of chis antenna development program, both the C-47 and 
C-130 terminals participated in a variety of missions. Successful communications from the aircraft weze 
maintained during flights over the Canadian Arctic, the North Atlantic and South America. Aircraft-to~- 
aircraft voice communications via satellite were also demonstrated. The C-130 participated in a multi- 
terminal demonstration to the NATO Communications and Electronics Board in Brussels, Septembezx 1970. 


3.5 Summary of the 300 MHz Prototype Array 
The significant characteristics of the array are summarized in Table l. 


TABLE 1 
300 Mhz Array Characteristics 


TT TT 





Number of antenna elements: 9 
Nominal Guin: 9.5 dB over circularly polarizea 
isotropic 

System Operating Frequency: Tx 300 MHz 
Rx 250 MHz 

Phased Array Driver: Size: 19 cm x 19 cm x 30 cm 
Weight: 11 Kg 

Phased Array Tracker: Size: 19 cm x 19 cm x 350 cm 


Weight: 11 Kg 











Ali control of the phased array antenna system and associated radio equipment is accomplished 
by compact contro] units installed on the flight deck. All other functional equipment is installed as 
near ag possible to the antenna array. 
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Figure 11 illustrates a typical configuration of the complete set of phased array electronics. 
The tracking unit shown uses a compass system input. Interconnections between the units are normally 


made through a wiring harness installed in the aircraft. Antenna connections are made to the RF connect- 
ors shown on the phased array driver unit. 





“ 4. L-BAND PHASED ARRAY DEVELOPMENT 


CRC, in cooperation with the Ministry of Transport and the Department of Industry Trade and 
Commerce, has sponsored contracts with the Canadian Marconi Company tc develop a linear phased array for 
L-Band frequencies. The L-Band array will be a candidate anteana for use with the proposed international i 
aeronautical satellite system. It will operate in the frequency bana 1540 to 1660 MHz, and is an exten- : 
sion of the original 300 MHz array developed by CRC. The factor of five increase in frequency ailows a 
radically different physical design of the system from that described for operation at 300 MHz. 


4.1 L-Band Antenna Structure 


An outline of the antenna structure is shown in Fig. 12. There are three connectors used on 
the antenna unit: an RF array input connector, an RF single element connection, and a multi-piu 
connector for the diode switch drivers. These connectors must pass through the surface of the fuselage. 
The urit is attached using 16 mounting screws which fasten to a base plate mounted on the aircraft fuse- 


lage. Each clement within the radome area will he structurally independent, removing the need to have 
any "fill" material under the radome. 


Figure 13 shows the array unit with the radome removed. Each element contains its own phase 
shifter network, and is fed by a microstrip board which combines the functions of the RF power divider 


and power distribution network. The individual phase shift moduies also contain the power-splitting end 
balun functions for the radiating elements. 


4.2 Phase Shifter 


There are several ways in which PIN diodes may be used to switch phase between discrete states. 
A hybrid technique is employed which obtains a transmission phase shift by the transformation of a re~ 
flection phase shift through a 3 dB coupler, Two such shifters are required in cascade. The microstrip 
layout for the cascaded phase shifters and balun transformer is shown in Fig. 14. The main advantage of 
this approach is that only four PIN diodes are required to achieve the four phase states. The trans- 
mission medium for the phase shifter is a high dielectric-constant microstrip. 


4.3 Power Splitter 


The basic requirement for the feed is to divide the power 9 ways equally in amplitude and phasc. 
It must also, however, provide isolation among the elements to ensure reasonably accurate power splitting, 
since small differences in impedance among the elements can cause serious power division errors resulting 
in pattern distortion. The power splitter selected haa an isvlated corporate feed with one isolated 
1/9 ~ 8/9 Wilkinson power divider for the center element and seven 2-way Wilkinson isolated power dividers 


for the remaining elements. Figure 15 shows a schematic of this circuit. The power splitter ia con- 
tained in the base unit of the antenna structure. 


4.4 The Radiating Element 
Table 2 details some %f the performance criteria involved in the design of a radiating element. 


TABLE 2 


Desirable Electrical Requirements of a Radiating Element 


AER TN PA EE IE RENE GLP LES I LT TIER LIEDER ITE TEE STIS LE I TPO TY TEL LE IELTS 
(a) Maximization of gain at elevation angles greater than 10 degrees. 


(b) Minimization of gain at elevation angles less than 10 degrees, to 
reduce multipath effects. 


(c) Right-hand-circular polarization for all elevation angles greater 
than O degrees. 


(d) Input reflection coefficient of -20 dB or better. 
(e) Negligible mutual coupling (-30 dB) between elements. 

















A cross-drooping-dipole element has been designed that approximates the requirements of Table 
2, Figure 16 showa the type of pattern which can be achieved with this element. Note that this is a 
plot of directivity as measured by a circularly-polarizea receiving antenna. This element has an accept- 
aple circularity (axial ratio <6 dB) except at the 45 degree elevation angle direction where the axial 


ratio deteriorates to greater than 12 dB. Since this direction corresponds to a pattern maximum, the loss 
due to non~-circularity 1a not important. 


Figure 17 shows a prototype phase shifter and radiating element. 


Based on work to date, the 
design parametera for the array unit are given in Table 3. 
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TABLE 3 


Desiga Goal for the Aerosat L-Bard Aircraft Antenna Unit 








l Centre Frequency: 1.6 GHz 
2 Bandwidth: +60 MHz 
3 Gain, Nominal”: 10 dB 
4 Gain, Min over +80°" 
from Vertical: 6.2 dB 
5 Receive Noise Factor: 1.3 dB 
6 Power, Max: 200W 
7 Input Impedance: 50 ohms 
8 VSWR: 1.5:1 
9 Dimensions: Length 100 cm x height 10 cm x 
width 11.5 cm (less mounting flange) 
10 Weight: 5.7 kg 
11 Cross-section Profile: 77 sq. cm (less mounting flange) 


12. MIBF (calculated use 
factor 4): 22,000 hours operating 





* Includes losses due to phase and beam quantization, sidelobe 
radiation, lobe degradation, PIN diode series resistance losses, 
and element interaction losses. 


5. CONCLUSIONS 


The experience gained with the 300 MHz array developmenc suggests that a linear phased array is 
easier to mount and, because of its simplicity, is potentially more reliable than other high-gain airborne 
antenna systems. The simple external mounting arrangement for the L-Band array module, in particular, 
means that its installation on existing aircraft wil]. not be a serious problem. A preliminary estimate 
of $4000.00 has been quoted as the cost of the L-Band array, complete with the necessary electronics. 

This is expected to compare favorably with the cost of other proposed antenna systems. 
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Some typical radiation patterns of a linear phased-array 


Fig.2 UHF array mounted on a C-130 aircraft 
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Fig.8 Composite theoretical beam pattern for 30° elev. at RX freq. 
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Fig.11 Complete phased array electronics 
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Fig.12 Outline of L-band array structure 
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Fig.13 Detailed schematic of L-band array showing phase shifter units and radiating elements. 
Diagram supplied by Canadian Marconi Co. 
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Fig.14 Microstrip layout for phased shifter and Balun transformer as proposed by 
Canadian Marconi Co. 
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Fig.16 Radiation pattern typical of crossed-drooping-dipole element used in array 
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Fig.!7 Prototype L-band radiating eiement and phase shifter 
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ABSTRACT 


; A comparison is made of the measured performance characteristics of two circularly | 
e : polarized flush mounted L-band (1535-1660 MHz) aircraft antennas for aeronautical satellite 
; applications. In order to facilitate radiation pattern measurements, the previously 
; ! validated technique of using a scale model aircraft antenna wes employed. One of the 
4q i candidate antennas under comparison is a cavity backed dipole fed slot configuration. 

j : Measurements were conducted on a 1/10th scale model of a Convair 880 aircraft. The 

: other antenna is an orthogonal-mode crossed-slot configuration. In this case measurements 
2 . were conducted on a 1/20th scale model of a Beoing 707 aircraft which is almusy identical 

; ” § in size to the Convair 880. The basic requirements of this cluss of antenna are to ; 

q E provide moderate gain of +4 dB above istropic at L-band over the upper hemispheric region 
of the aircraft. Furthermore, there should be a sharp cutoff at the horizon with a 
minimum of gain in the lower hemisphere to enhance multipath signal rejection. fhe paper 
also discusses the results of a diversity combination techniques study for the two : ! 
antennas under comparison. This study considers a switched mu'tiple element system in 
which various fuselage placement and combination arrangements of elements are evaluated j 
in order to meet the objectives stated. 
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1. INTRODUCTION 





Re 4 The performance characteristics of two different types of circularly polarized 
P flush mounted L-band (1535-1660 MHz) aircraft antennas are compared. This effort was 
7 directed to the evaluation of low cost aircraft antennas providing hemispheric coverage : 
| o with a smooth radiation pattern and a sharp decrease in gain outside the desired coverage 
: region. From a literature search, two candidate antenna designs were selected for 
| evaluation. These are: the cavity backed dipole fed slot antenna developed by the 
| Diamond Antenna and Microwave Corporation (DICO) and the orthogonal-mode crossed-slot 
q E ' antenna developed by the Boeing Company. Scale model antenna radiation pattern test 
ry q programs were conducted for each of these antennas. The techniques of using scale 
= i model antennas and a scale model of the vehicle to obtain pattern data had previously 
a been validated on aircraft and missle programs. 
| 





In any antenna system, the local effects of the aircraft structure mav cause pattern ‘ 
nulls which degrade signals in a communication link. The effects of Signal fading due 
, to earth and sea surface reflections (multipath) are also a function of the antenna 
cae gain pattern and polarization. Therefore, by careful design of the antenna and its 
. location on the aircraft, the communications link performance can be greatly improved 
in the region of interest. These antennas have possible applications, either as a 
q fa single element or a switched multiple element system, in an aircraft to satellite 
' aa communications system such as the AEROSAT system. 


| = The Airplane Coordinate System used for all pattern dzscriptions is shown in Figure 
; 1. 9 and @ are defined as foliows: 


i ; i 
'# ; . §= Elevation angle in a standard spherical coordinate system measured from 0 degrees 
; (zenith, directly above aircraft) to 180 degrees (nadir). 


f= Azimuth angle in the equatorial plane of the standard spherical coordinate system. ‘ 
14 a § varies from 0 to 360 degrees. For conical cutc @ is projected into the equatorial 
3 plans. 





Full size flight models uf each of these antennas were used in actual flight tests to 
, evaluate aircraft communicetions techniques, and these antennas weve flush mounted. The 
7G cavity backed dipole antennas were low power units designed for receiving Right Hand 
cular polarized signals. The crossed slot antennas were designed for both receive 
q : transmit (500 watts RF) modes; and provided terminals for hoth Right Hand Circular 
and re Hand Circular polarization with polarization selection by external coaxial 
switching. 


ma 2. OBJECTIVES 


- The basic requirements of this class of antenna are to provide moderate gain of +4 dB 
; above istotropic at the L-band frequencies (1535-1660 MHz) over the upper hemisphere of 
the aircraft with relatively small gain variations in this coverage region. The antenna 
4 should provide circular polarization with a high degree of circularity over the widest 
i possible cone around zenith. Furthermore, there should be a sharp cutoff of 10dB in gain 
eee from @ = 80° to 6 = 100°, with a minimum of gain below the aircraft to provide rejection 
vf multipath signals. This antenna would operate in aircraft to satellite communications : 
Systems. A low cost, rugged, reliable unit requiring no routine maintenance was required. i 
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These performance objectives may be satisfied by a single element or several (2 to 4) 
elements spaced around the aircraft body employing simple switching for selecting the 
antenna receiving the maximum signal. 


The data presented in this paper pertains to the performance characteristics of single 
elements, of each of the two designs, located at several places on the aircraft fuselage 

as illustrated by Figure 2. The influence of the aircraft surfaces, wings and stabilizers 
on the antenna patterns is indicated in the pattern plots. From this data, the feasibility 
of a simple, switched multiple element system can be determined. 


Theory and Design 
Cavity Backed Dipole Fed Slot Antenna 


The cavity backed dipole fed slot antenna provides circular polarization to be realized 

in a rectangualr slot by exciting a tilted dipole in the plane of the aperature of a 
cavity backed parasitic slot. This antenna preduces an elliptical shaped pattern cver the 
desired coverage region. A more directive pattern can be obtained by orienting the long 
dimension of the slot. orthogonal to the longitudinal (roll axis of the aircraft, rather 
than normal to this axis. 


The theory of overation of a circularly polarized slot antenna is described by Wilkinson? 
An antenna design is ciscussed which allows circular polarization to be realized in a 
rectangular slot by placing a titled parasitic dipole in the plane of the aperature. In 
addition, a reactive stub is connected at right angles to the dipole. This arrangement 
enables circular polarization to be realized without the complexity ot. 90° phase shifters 
and 2:1 power dividers in the antenna feed system. It was also shown that for UHF 
applications it was simpler to excite the dipole with the slot acting as the parasitic 
element. In this case the slot is backed up by a cavity which shunts a reactance across 
the aperature to correspond to the reactive stub employed with the parasitic dipole case, 
This latter configuration is employed in the DICO antenna configuration tested, and is 
illustrated by Figure 3. Theoretically either the slot or dipole may be used as the 
parasitic element. 


Eyuations have been derived and combined to give the ratic of vertical to horizontal 

field vectors_Ey/Ex along the axis normal to the radiating slot aperature. The magnitude 
of the ratio Ey/Ex for orthogonal axial fields, and also the phase angle # of Ey/Ex 
between orthogonal axial fields for the slot dipole antenna are theoretically related to 
the dipole tilt angle ¥ with reference to Figure 3 for different values of Xo, the 
reactancc of dipole plus termination. The resistance Ro of the dipole in the presence 

of the slot is also a function of ¥ and using measured values of Ro at specific normalized 
frequencies for which the dipole is A/2, the magnitude and phase angle of Ey/Ex can be 
calculated ahd: plotted as a functicn of the tilt angle Y. 


NOTE: The ratio Ey/Ex can be interpreted as the ratio of the field components E96/f¢ 
for a top center mounted antenna indicated on the coordinate system Figure 1. 
The conditions for circular polarization are: 


F |= 1, o = +n/2 


depending upon whether right-hand or left-hand circular polarization is employed, 

For a circularly polarized system, the muitipath rejection is maximized by an aircraft 
antenna pattern that is nearly circularly polarized for the direct path and has a high 
axial ratio for the reflected-wave path. The axial ratio of the generalized polarization 
eliipse is defined” as the ratio of the semimajor axis to the semiminor axis for the 
polarization ellipse, (Circular polarization is one particular case of elliptical 
polarization). The design and performance criteria also had to consider installation of 

the antenna element in a region relatively ‘ree from shadowing by the wings and stabilizers, 
namely on the dorsal region of the fuselage, with the radiating aperature pointed towards 
zenith. 


Based upon the previously defined objectives, another criteria which resulted in the sel- 
ection of this antenna element is the gross effect on the pattern of a flush mounted 
antenna due to the curvature of a cylindrical conducting body. In this case, we are 
concerned with the curvature of the aircraft fuselage which is effectively a curved ground 
plane. The curvature of the aircraft fuselage was determined from c=#ka=2i1a/dwhere 

k=2m/d\, « = cylinder redius and A = wavelength at the operating frequency. In this 
equation, c is the circumference in wavelengths, and for the Convair 880, c = 61.5. 


The equa.>rial plane radiation fields produced by a sinusoidal distribution of axial 
eletric field on a metallic cylinder of radius (a) have been calculated by Knop and 
Battista’. Radiation patterns in this plane are piotted (Figure 4) for cylinder size 
from 1 < ¢ < 30. From these patterns it can be seer that as the cylinder size increases 
the patterns sharpen, and in the limit of infinite cylinder radius (a) the patterns 
approach that from a slot on an infinite plane. For cylinders of size c > 30, which 
includes all large commercial aircraft, the patterns are identical within 0.5 dB for 
angles off the axis of + 65 degrees. Because of the large curvature of the Convair 

880 fuseiage, it was expected that lower hemisphere coverage would be reduced. Lower 
gain below the aircraft would reduce multipath signals trom earth reflections. 


Measured data from previous missile programs were reviewed and analyzed, The data indicated 
that a scale model operating at C-band cound provide most of the required gain, polarization 
and coverage features. The data was obtained for two diametrically opposite antenna 
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elements on a missle cylindrical surface. Thus, the scale model technique was considered 
feasible for the aircraft application involving large cylinders (aircraft fuselage - 
circumference). Analysis of the data resulted in an estimate of the coverage that could 
be obtained from a single flush mounted element at L-band. 


The Diamonce Antenna and Microwave Corporation (DICO}, Winchester, Massachusetts, USA., 
developed a full scale L-band cavity backed dipole fed slot antenna and demonstrated 
near hemispherical coverage on a cylindrical ,ground plane. An extensive radiation 
pattern test program was initiated with DICO" in 1971 to perform pattern measurements of 
1/10th scale elements at several locations on a 1/10th scale model of a Convair 880 air- 
craft shown in Figure 2. The test frequency was 15.5 GHz, scaled up from 1550MHz. The 
results of this scaled model antenna and aircraft pattern test program are summarized”. 
The full size antenna is illustrated in Figure 8. 


Orthogonal - Mode Crossed - Slot Antenna 


The basic antenna consists of two orthogonal half-wave length slots fed in balance and 

in phase quadrature, thus providing a low-gain hemispherical coverage circularly polarized 
radiator. In this case the crossed-slot iris is the parasitic element. The crossed-slot 
feed is fabricated by etching slots on a 1/8 inch thick, 2 oz. copper clad Teflon-loaded 
fiberglass plate mcunted in the antenna aperature. The slots are fed in balance and phase 
quadrature from a 90° ring hybrid circuit located within the antenna cavity. The antenna 
feed network is illustrated as connected to the radiating aperature shown in Figure 5. 

The balanced feed enables the individual slot impedances to track each other when both 
slots are fed. This impedance tracking is necessary to feed the slots in phase quadrature 
and achieve equal power division by means of a Simple quadrature hybrid. The impedances 
of concern are those apperating at points 0' and 0" in Figure 5. The impedance at these 
points is maintained at 50 ohms over the frequency band within a VSWR of 2:1. When a 
relative phase shift of 90° exists between the slots, the antenna will transmit (or 
receive) a purely circularly polarized field on the axis (boresight) of the antenna 
aperature. When port R is connected to the receiver and L is terminated in 50 ohms 

the radiated field is right-handed circularly (RHC) polarized. Alternately, port L may 

be connected to the receiver (or transmitter) for left-handed (LHC) polarization. A 
coaxial switch is shown in Figure 5 to facilitate the change from RHC to LHC polarization. 
An illustration of the orthogonal-mode crossed-slot antenna mounted on a section of curved 
ground plane is shown in Figure 6. 


The principle of operation is illustrated by the electric field diagrams shown in Figure 
7. Figures 7a and 7b show the idealized far field E-plane and H-plane patterns of the 
individual slots in the crossed-slot iris. Figure 7c shows the pattern which is obtained 
by superposition of the individual slot patterns. When the individual slot fields, 
symbolized by the electric field vectors Ea and Eb, are equal in magnitude and in phase 
quadrature, pure circular polarization (0 dB axial ratio) is obtained in the direction 

@ = (0°, As one moves off axis the circularity becomes poorer due to the increased 

axial ratio between the E-plane and H-plane fields. As the horizon is approached (6#90°) 
the polarization becumes nearly linear as the vertical, E-field component, is dominant. 


Initial design of the antenna element was performed using a cylindrical ground plane many 
wavelengths in size. This gives an indication of the approximate radiation pattern of 
the antenna. However, for accurate evaluation and comparison of antenna performance in 
the presence of reflecting surfaces such as the wings, stabilizers and engine nacelles 
Measurements are made on a true scale model of the aircraft. To verify that the perform- 
ance of the scale model antenna is equivalent to the full size antenna, pattern tests 

on a cylindrical ground plane are performed with the scaled antenna in the same environ- 
ment as the original tests on the full size antenna. 


The Boeing Company, Seattle, Washington, USA, developed full scale flight worthy 
orthogonal-mode crossed-slot antennas and performed complete spherical scale model 
pattern measurements” for two antenna locations (reference Figure 2) 

using a 1/20th scale model of a Boeing 707 aircraft which has an airframe almost 
identical in size and shape to the Convair 880. It was believed that the data would 
not be significantly affected by the :mall differences of the Boeing 707 from the 
Convair 880. The test frequency was 32.0 GHz scaled up from 1600 MHz. The initial 
development of this antenna design was performed by the Boeing Company in 1968 under a 
NASA sponsored SST/L-band Satellite Study Program7. The full size Boeing crossed-slot 
antenna is shown in Figure 8. 


Performance 


A discussion ou: the perforn.nce of each of the two antenuas is presented followed by a 
comperison of the antennas and a discussio : of applications. Figure 2 indicates the 
locations of the antennas on the sircratt where scale pattern measurements were taken 
namely; station 820 for the Bueing crossed-slot, and stations 803.5 and 940 for the DICO 
dipole fed slot. At each station antennas were located at two places: top Centerline 
and 35” off the top centerline. The electrical characteristics of these antennas are 
summarized in Table 1. 





An een atti ane 
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The dipole fed slot antenna was tested at two stations over the wings to determine the 
effects of the wings on the pattern shape and the gain. The top centerline antenna at 
station 803.5 has a measured peak gain of +9.2 dB above a circularly polarized isotropic 
radiator and produced an elliptical shaped conicai beam. This antenna has an efficiency 
of greater that 85% and provides relatively high peak gain for a broad beam radiator. 

As shown by the solid lines in Figure 9, the gain pattern orthogonal to the aircraft 
fuselage provides a beamwidth of 65° for a gain of +4 dBci and 100° (6 = £50°) for a 
gain of 0 dB. At angles below 6 = +50° the aircraft wings and horizontal and vertical 
Stabilizers begin to cause pattern nulls and ripple which increases as 6 increases. Of 
particular interest is the difference of the gain at 8 = 80° to 6 = 100° (elevation of 
10° above the horizon to 10° below the horizon) and the gain below the aircraft. The 
gain pattern cuts off sharply in the roll plane (refer to Figure 9) and less sharply in 
the pitch plane shown in Figure 10. In the roll plane the gain difference for 6= 80° to 
@ = 100° is 3 dB while the gain decreases another 12 dB at 6 = 120°. Gain patterns for 
two conical cuts, @ = 40° and 80° are shown in Figures 13 and 14 respectively. These 
patterns indicate the smooth circular pattern of near constant gain at narrow beamwidth 
and the elliptical pattern shape with numerous ripples and nulls near the aircraft wings 
and tail at wide beamwidth. 


The dipole fed slot antenna located 35° off top centerline at station 803.5 suffers a 
decrease in peak gain to 7.8 dBci and some distortion in the uniformity of the beam 
pattern in the roll plane as shown in Figure 11. The gain at 65° beamwidth (6=2° to 67°) 
is +4 dBci and at © = 80° the gain is"+2dBci. The gain cutoff from @ = 80° to @ = 100° 
is only 5dB, however, at @ = 120° the gain decreases another 20 dB. Thus, the multipath 
rejection is unacceptable at 6 = 100°, but it is good below 6 = 120°. Figures 15 and 16 
illustrate the patterns for conical cuts of 6 = 40° and 80° respectively. These patterns 
indicate the gain profiles are relatively smooth and asymmetric in the direction the 
antenna aperature is facing. On the side opposite the antenna, the radiation decreases 
significantly with unmeasureable levels below 6 = 100° (10° below the horizon). 


At station 940, top centerline location, the peak gain is 9.8 dBci, slightly greater than 
that for station 803.5. There is a sharp break up in the pitch plane pattern with a null 
just above the aircraft nose (6 = 83°) and a large peak directly off the nose (@ = 90°). 
In comparing the conical: patterns at station 940 to those at station 803.5, it is found 
at 6 = 110° the lobes have more gain in the forward and aft directions for the antenna 

at station 940. From this data, it is clear that multipath signals received from below 
the aircraft are suppressed, by using the antenna at station 803.5. Thus, station 803.5 
is the preferred location. Performance of the antenna at station 940, located 35° off 
centerline is not greatly different from the station 803.5, 35° antenna except the gain 
below the aircraft is significantly greater. This means the multipath rejection is less. 
From the data presented here and in the DICO report the dipole fed slot located at 
Station 803.5 has superior performance to that at station 940. Therefore, no further 
consideration will be given to the antenna at station 940. 


The Boeing crossed-slot antenna was tested at station 820 rather that 803.5 because this 
is the actual location of the antenna on the Convair 880 due to interference with 
existing equipment on the aircraft. The difference in these two locations does not 

cause any significant variations in the measured pattern data because the distance is 
small relative to the size of the fuselage and to the distance to the wings and stabilizers. 
The measured gain of the crossed-slot was +5.0 dBci at the top centerline (6 = 0°) and 
+6.4 dBci at the starboard side (@ = 35°) off centerline. [The wing structures at the 

35° position cause a focusing effect on the pattern resulting in larger lobes and higher 
gain. The efficiency of this antenna was measured as 87%. Gain of +4 dBci is achieved 
over a beamwidth of 55°, while 0 dBci gain is provided over 150° beamwidth. The Boeing 
patterns in Figure 9 and 10 indicate the smoothness in the roll and pitch planes. The 
fain decreases approximately 7 dB from 6 = 80° to 6 = 100° but the difference between 
peak gain at 6 = O°and that at @ = 100° is only 15dB. This antenna is best suited for 
the top centerline location because at the 35° position the multipath rejection is not 
acceptable and some pattern distortion occurs due to the wings. These patterns are shown 
in Figures 11 and 12. 


The circularly po.arized orthugonal-mode crossed-slot antenna is intended to serve as an 
upper hemisphere coverage antenna. From the radiation patterns®, the top centerline 
location provides a gain equal to or greater than isotropic for approximately 90% of the 
coverage sector of 6 = 0°to @ = +80°. In addition, the coverage below the horizon 
decreases rapidly below the 100° conic (@ = 100°), providing good multipath rejection. 
Due to the low peak gain, this antenna has a rather narrow beamwidth at +4 dBci. It 
shouid be noted the scale patterns on top centerline compare very well with those 
obtained for the full size production antenna when tested on a 4 foot by 4 foot ground 
plane. 


The discussion thus far has focused on a single element antenna to provide hemispheric 
beamwidth and moderate gain (0 to +4 dB) with good multipath rejection outside the 
desired coverage region. We have shown thut the Bocing crossed-slot comes close to 
mecting the minimum gain of 9 dBci. Upon examination of the data we can see that the 
DIcO dipole fed slot provides a higher gain of +4 dBci and could provide the beamwidth, 
minimum of 160° (6 = +80°), by using two or three elements appropriately spaced around 


the fuselage. These weuld be electrically or manually switch selected to direct the 
desired beam toward the satellite in an aeronautical communications system. The beam- 
width of these antennas in the pitch plane indicates two satellites could be in the field 


of vision simultaneously for surveillance junctions for most azimuth angles (aircraft 
headings). 
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It should be noted that the "initial" goal of this evaluation program was to find an 
antenna providing 0 dBci gain ove:: 160° beamwidth in the upper hemisphere. During the 
performance of these test programs the AEROSAT system definition was initiated and 
requirements developed wiich called for a minimum of +4 dBci over the same beamwidth. 
We believe the antennas discussed have promise of fuifilling that requirement at a 
relatively low cost. The feasibility of multiple elements has been demonstrated in 
follow-on work performed by Texas Instruments Inc., Dallas, Texas, involving diversity 
techniques and combination studies using the Boeing crossed-siot and DICO dipole fed slot 
antennas. Two pair (four elements) of the DICO antennas employing switch selection of 
sum and difference patterns provides a minimum of +4 dBci over the hemispheric region 
above 6 = 80°. Each pair of elements is located on the side of the aircraft fuselage, 
55° down from zenith at station 803.5. The two elements in a pair are separated by 
0.75s/r, The sum and difference patterns generated by computer from the scale mode] 
pattern’ are shown in Figure 18. Performance of the crossed-slot antenna in the same 
configuration is shown in Figure 17 for comparison. This data is gn process of being 
published as a US Department of Transportation contractor's report. 


CONCLUSIONS 


The antennas discussed are applicable to the future L-band aeronautical satellite ATC 
systems being planned. These are low cost antennas (approximately $500.00 per unit in 
quantity) capable of satisfying digital communications and surveillance requirements 

with one or two elements and will satisfy the minimum quality voice communications 
requirements with 3 or 4 elements in combination. Additional work is required to provide 
field testing and evaluation of these antennas. Both the DICO and Boeing antennas 
described were tested and evaluated in communications tests performed with a Convaig 

880 aircraft and balloons in 1971 1n the USA and in France in Cooperation with ERSO”. 
Future antenna tests are planned by the US Department of Transportation using the NASA 
ATS-F satellite in 1974 and 1975. 
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Figure 1. Airplane Coordinate System 
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Figure 2. Antenna Element Locations 
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Figure 4. Equatorial Plane Power Patterns 
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Figure 6. Boeing Cavity-Backed Orthogonal Slots 
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Figure 11. Antenna Roll Plane Patterns 
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Figure 12. Antenna Pitch Plane Patterns 
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Figure 15. Antenna Conical Patterns (6=40°) 
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Figure 16. Antenna Conical Patterns (6#80°) 
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ANTENNA. Boeing; 2 element array, s/A = 9.75 PATTERN NO: 
POLARIZATION: RH-C, Roll Plane CUT: @ 6= 0° = zenith 
FREQUENCY: 1.6 GHz DATE: 
REMARKS: Array boresight at 61°; 

sum-difference switch at 41° 


Figure 17. Boeing Composite Pattern 
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REMARKS: Array boresight at 55°; 
sum-difference switch at 35° 


Figure 18. DICO Composite Pattern 
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DISCUSSICY 


W T BLACKBAND 


The Authors! radiation patterns measured at 15.5 GHz have been of great interest to our antenna team 
at RAE Farnborough. We have made measurements of a similar system in which a slot-dipole antenna was 
sited on the shoulder of the fuselage of a Comet aircraft. These measurements were made at 1/10th scale 
with a working frequency of 15.5 GHz. As a cross check on the measureme.:ts made at RAE the radiation 
patterns were also measured on the MBB test range at Ottcbrun. The general agreement between the two 
sets of measurements was very pleasing. Because the geometry of the measurements at RAE was the same as 
that used by DICO it is possible to make a direct comparison between the two resulting sets of data. 


In ordex to illustrate the comparison the curves of Figures 12 and 15 of the Authors! paper are 
reproduced here with the RAE data marked on with crosses. A3 will be seen there is excellent agreement 
between the positions of the crosses and the solid curve of the DICO results. 


It shoulda be noted that for the planes of measurement displayed in Figures 712 and 15 the radiation 
patterns would be expected to be independant of the wing geometry and for this reason it is not 
supprising that there is such good agreement Letween measurements made for a Comet and a Boeing 707. 
For a measurement plane such as that of Figure 11 for which wing reflections are important, there is good 
agreement between the DICO and RAE data at angles of elevation above about 10 to 20° but marked 
differences at lower angles of elevation or depression because of the differences of wing structure of the 


2 mode aircraft. 


It is pleasing at this Conference where prominence is being given tc scale model techniques to see 
this good correlation between measurements made at sites 6000 miles apart. 






@= VAR. 


= CONST. 







a a a 3 


\ 9 i PP 4 O. : , fe ef > 
eG a } " if; a: ve aS a 
168 he is 





in? ‘ 
wwe PICO. «Scale Frequency: i°.5 GHz 3A 803.5 Location: 35° 
weene— Boeing Scale Hrequency: 3. Giz STA 820 From Top Centerline 
Figure 32. Antenna Pitch lane Pa terns 


with RAF :neasured data isrked by crosses 








can ni pend yiedeph nary oaleetinei it eens seine eocnenen ae ETRE Te PAI . | 
“ i Pas 
wy e cpge ae ee grees Sete er 


21-24 







@= 40° CONE 


o* 0°-300° 













x ip nce \ 
os 





2 
~e 
= 


fi 


eee DICO. Scale Frequency: 15.5 GHz STA 803.5 Location: 35° ; 
were Boeing Scale Frequency: 32 Gir STA 820 From Top Centerline 


Figure 15. Antenna Conical Patterns (6#40°) 


with KAE measured data marked by crosses 


~~ | 


Meee error eens ee ee ee ene ee ee eT TR Te a EE a Ee EE PT Tey ay a Ee 








CIRCULARLY POLARIZED L-BAND PLANAR ARRAY ; 
FOR AERONAUTICAL SATELLITE USE | 

i 

: 


by 


Benito Palumbo 
Salvatore Cosentino 
Antenna Section, R,& D. Division i 
SELENIA §.p.A, 
Rome, Italy ; 


SUMMARY 


A circularly polarized L-Band planar array for aeronautical satellite use is presented, 
A simple trade-off is outlined among the several earth coverage antenna types mainly for what 
concerns the constraints on weight and size, 
From this trade-off a planar array, consisting of two interlaced arrays of transverse and 
longitudinal slots, appears the most attractive solution, mainly if wide operating bandwidths are 
not required, The design criterja for such an antenna are presented and the principal electrical 
critical areas together with the main technological and mechanical characteristics are discussed, 
The main results on an experimental work on transverse slots are reported with their implica- 
tions on the antenna design criteria, 
Experimental results (radiation patterns, VSWR) on a breadboard and on the L-band model are 


presented, 


1, INTRODUCTION 


Earth coverage antennas for surveillance and communication are normally required for 
aeronautical satellite use, The allocated frequency band for aeronautical satellite service (1545- 
1645 MHz) creates some problems for antenna hardware from the point of view of weight, size 
and stiffness. If we take into account the usual constraints coming from the launchers capabilities 
and available room under the shronds, low weight, compact and flat antenna configurations are 
preferable, 

Use of circular polarization is mandatory, due to the variations of the aircraft attitude with re- 
spect to the satellite, The requirements on the circularity of the polarization are mure stringent 
at the earth edge, since the aircraft sees the satellite at low elevation angles, where high 
ellipticity values, normally encountered in aircraft antennas far from the zenithal direction, can 
cause high polarization losses, 

It is well kuown that the maximumedge gain corresponds to a gain about 4,2 dB below the peak 
at the edge of the coverage, with a normal gaussian beam shape, Higher minirnum gain values 
can be obtained by means of proper beam shaping, with attendant size and weight increase of the 
antenna, The normal -3 dB beamwidth for an earth coverage antenna on board of a geostationary 
satellite is then 14,8°, 

Many antenna corfigurations can be envisaged for obtaining an earth coverage beam, We can 
disregard solutions utilizing horns (in all possible geometries), lenses (constrained, artificial 
dielectric) mainly in view of weight and size problems, 

A trade-off between reflector systems and arrays of low or medium gain radiating elements shows 
an higher merit figure for the latters, Arrays of crossed dipoles, spirals, helices require power 
dividing networks that are generally lossy and decrease the overall antenna efficiency, Waveguide 
fed slot arrays appear a better soluiion, mainly if wide operating bandwidths are not required, 
Preference is given to resonant type arrays, where the slots are spaced by an integer number of 
half guide wavelenghts with an end short circuit, 

Non resonant type arrays with an end load would decrease unacceptably the antenna efficiency, if 
we consider the limited number of slots of an earth coverage array, 


2, GENERAL REMARKS 


A planar array antenna appears a very attractive solution for the earth coverage antenna, 
Waveguide fed slot arrays have generally higher efficiencies, Circularly polarized slot arrays 
have been previously described (1), 


An alternative approach is to make use of polarization converters in form of grids or printed 
circuits in front of a linearly polarized slot array, A dual frequency, opposite sense circularly 
polarized slot array has been also developed as a radiating element for a circular array (2), 
The use of broadwall transverse and longitudinal slots, fed by a common waveguide, to generate 
the circular polarization, when displaced by a quarter of guide wavelenght, presents some = pro- 
blems, They are due mainly to the transverse slots that have to be spaced by a guide waves 
lenght in order that the slot of the array radiate in phase, Use of guide loading (dielectric or 
corrugated surface of the waveguide bottom broad wall) is then required, 
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Besides, the radiated power from the slots is controlled with the displacement from tne centre 
line of the broad wall of the feeding waveguide and the transverse slot in the displaced condition 
can extend beyond the broad wall edge. along the narrow guide wall. The arrangement of trans- 
verse and longitudinal slot arrays, to form two ~ dimensional arrays, becomes very difficult to 
be realized. A feeding technique of an array ef waveguide fed, broad wall, longitudinal slot 
arrays with the removal of the contiguous separating guide narrow walls has been presented in (3). 
The slots are excited by an equivalent waveguide operating in the higher order mode TE, 9: where 
n indicates the number of the equivalent virtual contiguous waveguides, The above described 
technique implies an alternate out-of-phase feeding of the contiguous virtual waveguides. 

In phase excitation of half-waveguide spaced transverse slots can be then obtained by feeding them 
alternately from two adjacent waveguides, In order to obtain the correct lenght for the required 
resistance and reactance values, part of the transverse slot can be extended over the broad wall 
of the adjacent wavevuide, This affects the impedance characteristics of the slot. The effect can 
also be represented as an excitation from a waveguide operating in the TE29 mode, with the trans- 
verse slot displaced from the centre line of the broad wall of the equivalent waveguide, The above 
interpretation was reported in (4) for a possible improved version of the Surveyor antenna. 
Recently radiating preperties of half-wave slots in a rectangular guide operating in the fundamental 
and TE 9 modes have been reported (5). 


The antenna consists therefore of two interlaed resonant arrays of longitudinal and transverse slots 
for the two orthogonal linear components of the circular polarization. The required 90° relative 
phase shift results from the one quarter wavelenght spacing in the feeding waveguide. The above 
condition is met if the slots of the two types are resonant (about half wavelenght) or if one set of 
the two is sufficiently far from the resonance conditions, It appears more convenient in the latter 
case to use not resonant transverse slots, by considering their flat behaviour of the resistance 
with the lenght (6), The longitudinal and transverse slots are cut on the broad wall of a rectangular 
waveguide, where a higher order mode TEno propagates, It can be thought as consisting of n 
virtual waveguides, operating on the TE,9 mode, side by side, with the common narrow walls re- 
moved, 


The power dividing network for feeding the adiacent virtual waveguides can be of any type, provided 
they are alternately fed with 180° phase shift and proper power distribution, The corporate feed- 
ing network is a good solution; a more compact and efficient system consists of a main waveguide, 
slot coupled with the virtual waveguides carrying the radiating slots and orthogonal to the main 
waveguide, From the mechanical and electrical point of view the best coupling system appears to 
be that one consisting of longitudinal slots on the broad wall of the main guide, radiating into the 
region between the top and bottom plates of the waveguide with the radiating slots, 


Each of the two above mentioned interlaced arrays is of resonant type, that is the radiating 
elements are fed in phase, Let us consider first the array of longitudinal slots that generate one 
of the two linear orthogonal components of the circular polarization, It consists of an array of 
arrays of slots on the broad walls of the virtual waveguides, where the in-phase excitation is 
obtained by means of half guide wavelength spacing between the slots and by alternating the sense 
of the slot displacement with respect to the virtual waveguide broad wall center line, If the ha!lf 
guide wavelength is sufficiently lower than the free space wavelength, grating lobes are not allow- 
ed, The slots are of resonant length and therefore equivalent to pure shunt resistance in the 
waveguide equivalent teansmission line, A short circuit is positioned at a quarter guide-wavelength 
from the last longitudinal slot center according to the common resonant array technique (7)(8), 
The slots amplitude excitation is controlled by means of the displacement from the broad wall 
center line. 


The transverse slot array generates the linear component orthogonal to that of the longitudinal 
slot array. Most of the above discussed considerations also apply, with the following differences: 


1’ the resonant transverse slot is equivalent to a pure series resistance 
2' the end short circuit is positioned at a half guide-wavelength from the last transverse slot 


3) no phase inversion is obtained by reversing the sense of displacement of the slot from the 
center line of the broad wall of each virtual waveguide, 
In phase radiation from successive transverse slots, spaced by half guide wavelength to avoid 
grating lobes, can be obtained ky feeding them alternately from adjacent virtual waveguides, 
that are themselves fed in antiphase. It is the same to say that the in-phase exitation i5 ob- 
tained by reversing the sense of slot displacement from the virtual common wall of adiacent 
waveguides and by spacing the slots by half guide wavelength, 
An explanatory scheme of the basic concept of the antenna is shown in fig, 2.1, 
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3. DESIGN CRITERIA 


3,1, General 


Following the concepts presented in the preceeding paragraphs, the main design criteria 
for an aeronautical satellite, earth coverage antenna are helow indicated: 


a) Good circularity of the polarization, with particularly stringent requirements at the earth 
coverage edge. A goal value of 2,5 dB maximum ellipticity at the edge is assumed, 


b) Gain level of 4,2 dB below the peak-at the edge of coverage, according to the optimum gain 
conditions, for normal gaussian beam shape, 


c) Minimum efficiency loss cf the antenna system, by taking into account mechanical and thermal ; 
constraints, \ 


With uniform illumination distribution on a linear or square array, the beamwidth values change 
with discrete steps by changing the slot number, at fixed spacing value, For a given beamwidth, 
the minimum number of slots is found where, decreasing the slot number, a beamwidth value e- 
qual or less than required is first obtained, If necessary, the correct beamwidth is then obtained 
by introducing a proper tapering in the illumination distribution. However, due to the chosen in- 
terlaced configuration of the two arrays in the plane parallel to the main feeding guide axis the 
longitudinal slot array consists of one equivalent linear array more than the number of the equi- 
valent arrays of transverse slot, In the plane orthogonal to the main feeding waveguide axis, the 
phase center coincidence between the two arrays requires again that the number of longitudinal 
and transverse slots differ by one, Therefore the condition of minimum number of slots cannot 
be met in any of the two principal planes simultaneously for both the interlaced arrays, 
Compromise solutions must then be found, Equispacing of the slot centers along the two principal 
axes of the square grid, representing the planar array, minimizes the slot number, if beamwidth 
equalization in each plane and for each polarizaticn is desired, The haif waveguide spacing between 
successive slots in the virtual waveguide implies the following equation, where a is the virtual 
waveguide width and A is the operating wavelength: 


(3.1) ae Sy joe) 


With the chosen configuration and if the displacements from the center line are neglected in a 
first approximation, the minimum number of slots for a required beamwidth corresponds to 


2 A. 


az 
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In this condition the slot spacings in the two principal planes are the same, 


If constraints on the array size require that the number of slote along one or both the principal 
directiuns be less than the minimum required for the given beamwidth, square grid configuration 
of the slot array gives the minimum beamwidth spread, This is clearly shown in fig, 3.I, where 
the -3 db beamwidth varation for the two orthogonal linear polarizations in the principal planes is 
plotted in terms of spacing between the slots for a planar array with 4x6 transverse and 5x5 long- 
itudinal slots, 


It must be evidentiated that the element factor plays a negligeable role in determining the array 
-3 db beamwidth, for typical values of about 15°, as in the case of earth coverage from a geosta- 
tionary orbit, 


3,2, Longitudinal slot array 

From the above considerations it turns out that the optimum configuration consists of 
5x5 slot array, spaced by LAZ in the the two principal directions of the grid and excited with 
uniform amplitude ane phase, 


Use of reduced height waveguide is advisable in view of the smaller required displacements from 
the centre line of the broad wall of the virtual waveguide, The reduced height configuration is 
convenient also for the transverse slut array, where unacceptable slot overlapping and limited 
displacement are conflicting requirements that in our case find a compromise solution with half 
height feeding waveguide, 


The longitudinal slots are resonant and their lenght is therefore approximately one half wavelength, 
with no dielectric loading of the exciting waveguide, They can be represented at the resonance as 
pure conductances in parallel to the feeding waveguide, Since the design of the longitudinal slot 
array must be performed in connection with that of the transverse slot array, the evaluation of 
the conductance distribution is presented together with the design of the interlaced array of trané- 
verse slots, 
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3.3. Transverse slot array 
With reference to the choice of the longitudinal slot array two possible solutions can he 
envisaged for the interlaced array of transverse slots: 


Solution A: N-1 slots in the direction parallel to the power dividing waveguide axis, This value 
is imposed by the antenna structure, 
N-1 slots in the direction orthogonal to the above mentioned axis, 


Solution B: N-1 slots in the direction parallel to the power dividing waveguide axis, 
N+1 slots in the direction orthogonal to the above axis, 


Both solutions meet the requirement that the two arrays have the same phase center, 

The solution B is preferable, since it allows to play with the distribution tapering to minimize 
the gain level difference between the two orthogonal linear polarizations and therefore the ellipti- 
city at the edge of the coverage. The transverse slot array consists then of 4x6 slots fed in 
phase, but with proper amplitude distribution, 


The determination of the proper taper, and therefore of the slot excitation coefficients, comes 
out from the beamwidth requirements, 


In order to evaluate the resistances and conductances values, the following assumptions have to 
be made: 


1) The sum of the power radiated by longitudinal and transverse slots of each virtual waveguide 
must be equal to the power entering into it, 


2) The total power radiated by the longitudinal slots must be equal to the power radiated by the 
transverse ones, 


3) The distribution of the resistance values of the transverse slot must correspond to same in- 
ternal ratios calculated according to the required taper. 


These assumptions allow to calculate the required set of resistance and conductance values, 
Moreover, it has to be pointed out that the transverse slots contribution in the external virtual 
waveguides is different frcm that relative to the inner waveguides, The first of the above indicat- 
ed assumptions, which is a matching condition, leads to conductance values for the longitudinal 
slots in the external waveguides different from those in the internal ones, This means a slight 
deviation from the uniform amplitude distribution with some inverse taper, However the effects 
on the beam shape and the sidelobe level are still acceptable, 


3.4, Feeding system 
It consists of a resonant array of five slots cut on the broad wall of a rectangular wave- 
guide operating in the fundamental mode, 


The usual design criteria can be used for this array (8), It has to be pointed out that in this 
case the slots do not radiate in the free space but between two metallic planes, 
The conductance values are quite different from those relative to the condition of radiation in the 


free space, 


However this effect can be properly taken into account (8), 


3.5, Conductances and resistances practical realization 


One of the most important problems in the design of the above described antenna is the 
evaluation and the practical realization of the proper conductance and resistance values of the 
slots and the determination of their resonant length, 


The longitudinal slots can be thought cut on the broad'vall of a waveguide operating in the funda- 
mental mode, and a lot of theoretical and exper:mental data of conductance and resonant lenght 


are available (6), 


The transverse slots in this application are in a new configuration, as they are extending partially 
on to the broad wall of the contiguous equivalent waveguide excited out of phase, 

In order to evaluate this effect it has been necessary to carry out a set of measurements on trans 
sverse slots on the broad wall of a waveguide operating in the TE29Q mode, 

The results of these .neasurements are synthesized in the curves of Figg, 3-II, 3-IN, 3-IV, 


From the fig, 3-II one can obtain the resonant lenght as a function of the A,,/4. value of interest, 


The fig, 3-MI represents a characteristic curve from which one can derive the proper displacement 
value in order to have the required resistances values, The last curve (see fig, 3-IV) shows the 
dependence of the resonant lenght from the slot displacement, 
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4, RESISTANC®’ AND RESONANT FREQUENCY TESTS ON TRANSVERSE SLOTS 


Freom the measurement of the reflection coefficient, the values of the normalized re- 
siustunce and the resonarc frequency of the transverse slots can be evaluated, The test have been : 
performed by making use of the HP Network analyzer 8410-A in the configuration shown in fig. 4-I, 
Av the end of the reference and test channels two identical sections of waveguide, terminated by 
sliding short circuits are connected to a folded magic-T, fed at the H input in order to excite the 
TEsq rnode, The transverse slot under test is cut on the broad wall of the waveguide at the end 
of te test channel, The whole broad wall is removable and many values of slot lengths and di- 
spl.cements from the centre line can be examined. At each frequency the sliding short circuit 
is at half guide wavelength from the slot center, so that the equivalent transmission line can be 
considered as terminated only by the slot impedance, 

The reference channel short circuit is in the same position of that in the test channel, so that 
the two channels can be, considered identical when the slot is covered and doesn't radiate, 
The similarity of the two channels is verified during the calibration, 


The network analyzer 8410-A is equipped with a phase gain indicator 8413-A which gives modulus 
and phase of the reflection coefficient, With the slot in the radiating condition, the reflection 
coefficient of the test channel changes, as measured at the H input of the folded magic-T, 

The frequency is changed, with the short circuit at one half guide wavelength from the center of 
the slot under test, The resonant frequency of the slot is found when there is no change of the 
phase of the reflection coefficient 7 =I"|c' measured at the input of the test channel with the 
slot radiating and not radiating, This indicates that the slot impedance is purely resistive and 
therefore the slot is of resonant length, From the amplitude \"| of the reflection coefficient the 
normalized resistance value r is found by the following equation (r< 1) 


(4,1) ba ee 


it tt { 
5, EXPERIMENTAL RESULTS 


5,1. C-band breadboard. 


A C-band model has been designed according to the above described design criteria, 
A photograph of the model is shown in fig, 5,I, The preliminary results on the model, where 
both transverse and longitudinu: slots were of resonant length, showcd that the mutual coupling 
effects where extremely important and deteriorated unacceptably the performances of the antenna, 
A study revealed that the negative effects.were less and less relevant, when the transverse slot 
were brought out of resonance, It was decided to make use of not resenant transverse slot array, 
by taking advantage of the flat behaviour of the resistance with the slot length, The length was 
made sufficiently shorter than the resonant value, so that the reactive component cf the slot im- 
pedance was near to zero and the insertion phase very small, The required 90° phase difference 
between the two linear components relative to the two interlaced arrays is so obtained, It must 
also be pointed out that a residual reactive compcnent of the transverse slot impedance is useful 
to compensate the mutual coupling effects, 
Antenna VSWR and radiation patterns have been measured, It has been found that the antenna per- 
formances is good over a bandwidth wider than 2%, The input VSWR and radiation patterns, taken 
with a spinning linear source in the two principal planes, at the centre frequency, are shown in 
fig, 5-H, The radiation patterns in the two linear polarizations are superimposed over the ellip- 
ticity pattern, Separate contributions to the phase and amplitude errors of the circular polarization 
from the two interlaced arrays, linearly polarized, can be deducted, 


An old X-band model built not in view of the use for the aeronautical satellite is shown in fig, 5-III, 
It had been realized mainly with the purpose of checking the feasibility of such a type of planar 
array some years ago, 


5,3, L-band model, 


A feasibility study of an aeronautical satellite earth coverage antenna has been undertaken 
in the frame of the work developed by the "Cosmos'"' Consortium of european aerospace industries, 
led for the Acrosat program by MBE, under an ESTEC contract, An L-band prototype has been de- 
veloped to demonstrate the capabilities of the planar array antenna type for the weronautical satel- 
lite use, The L-band model is not exactly scaled from the above described C-band breadbvard, 
but it has been designed according to the outlined design criteria and the experimental results at 
C-band, The w-band prototype has not been fully optimized and further improvements in its per- 
formance can be expected, 


The lightweight characteristics have been obtained by making use of a magnesium alloy power 
dividing waveguide and a paper nylon honeycomb structure with aluminum skins for the higher mode 
Waveguide, Phe influence of the diclectric honeycomb structure can be taken into account and some 
data are available in the technical literature (10), The honeycomb clectrical characteristics have 
been measured and the effect of the honcycomb on the transverse slot resistance and resonant length 


ee a ee es say e 





Se ee a Ee ee eS get Sag RE | weg eae ae ee OG Peat 4 tebe ye ety 





OE eg ee eT ES ee Te aE, ke ee eee gt ke 





22-6 


has been experimentally verified during the program of measurements of the slot impedances, 
The VSWR results and typical measured radiation patterns in the two principal planes are shown 
in fig, 5-IV, The testa carried over a 2% relative frequency band have showed good electrical 
characteristics of the antenna, The performances do not deteriorate rapidly outside the above 
Indicated band, but a graceful degradation of the ellipticity and gain over the earth coverage 
angular sector has been found, The minimum ellipticity characteristics of the antenna at the 
edge of the coverage are clearly evidentiated, 


A photograph of the array is shown in fig, 5-V, 


6, CONCLUSIONS 


The design criteria and the characteristics of a planar array for aeronautical satellite 
use have been shown, It appears that the solution of interlaced longitudinal and transverse slot 
arrays is attractive, if a lightweight, and compact structure has to be associated to good elec- 
trical characteristics, The intrinsic flexibility of the slot array design allows a solution taylor- 
ed to the specific requirements, On the other hand the narrow operating bandwidth, decreasing 
with the increase of the number of the slots, and the discrete size variations, when the aperture 
has to be changed, have to be considered limitations in the use of the described array type. 
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UPPER L-BAND TELEMETRY AERIALS FOR ROCKETS AND MISSILES 


Jd. MAHONEY 
E.M.I. Electronics Limited 
Feltham, Middlesex 
United Kingdom 





SUMMARY 


Future telemetry systems on missiles and rockets are likely to operate at Upper L-Band frequencies. 
The advantages to be gained and the problems likely to be encountered at these higher frequencies and the 
effects of change in the radiation pattern due to increased electrical spacing between individual aerials 
is given for a wide range of missile diameters. Methods of improving the radiation pattern coverage by 
altering the phase distribution to individual aerials and/or increasing the number of aerials are des- 
cribed. Effects caused by missile projections i.e. wings and tailfins and surrounding structures such 
as, launcher tubes and aircraft fuselage upon the radiation pattern are discussed. 


A comparison between the performance of existing telemetry aerials operating at 450 MHz and various 
prototype Upper L-Band aerfals is given. Problems relating to the working environmental conditions for a 
wide range of missile applications are described. 


1. INTRODUCTION 


In the United Kingdom telemetry systems on missiles and rockets have operated almost exclusively in 
the 400 to 500 MHz frequency band. Many aerial designs exist for use at these frequencies but 
due to congestion of frequency allocation in this band, it is anticipated that a move will be made towards 
the use of Upper L-Band frequencies typically, 1,400 to 1,500 MHz. 


2. IMPLICATIONS OF CHANGE 


The implications of the change in frequency can best be seen by stating the basic problem. If 
telemetry aerials operating at 450 MHz be replaced by aerials operating at 1,500 MHz, how does the 
radiation pattern of the missile change and does the missile geometry influence the change to a greater or 
lesser extent? The effects of increas it the r.f. frequency make themselves most obvious by virtue of 
the increased electrical spacing between individual aerials. This spacing can be defined in terms of the 


ratio of missile diameter or length to r.f. wavelength. It is better to express the spacing in terms of 
the missile diameter to r.f. wavelength ratio, because a small change in diameter will influence the 
radiation pattern more than a smal? change in missile length. A range of typical missile diameters is 
indicated in Table 1 which tabulates values of (D/A) at both the old and the anticipated frequencies. 


TABLE 1 


(D/A) at 450 Miz (0/a) at 1,500 Miz 


45 (Skylark) 
60 
130 





2.1 Polar Dfagrams 


The radiation pattern will be determined by the distribution of energy from the aerials mounted on 
the missile. Table 1 shows there is an overlap in values of D/A at both the old and new frequencies. 
Therefore the patterns on the smaller diameter missiles at L-Band frequencies, should be similar to those 
obtained at the old frequencies on some of the larger diameter missiles. These patterns will however be 
pote by missile projections e.g. wings and tailfins, especially if the aerials are in close proximity 
to them. 


2.2 Electrical Performance 


The electrical performance of an aerial depends upon the size, shape and Jocation of the aerial on 
the missile. The most commonly used aerials e.g. monopole, slot and notch, require a flat ground plane 
of at least 5’ in diameter for good impedance characteristics and polar diagram patterns. In practice 
this is seldom possible to arrange and a reduction in ground plane size will degrade the patterns, 

lower the V.S.W.R. and reduce the bandwidth of the aerial. The electrical performance of L-Band 
aerials will be improved due to the increased electrical size of the ground plane, and hence it will be 
easier to achieve a good impedance match on the smaller diameter missiles. 
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2.3 Mechanical Performance 


From the mechanical point of view, the introduction of aerials operating in the Upper L-Band 
frequency range offer distinct advantages. These a eats stem mainly from the possibility of achieving 
considerable reductions in the overall dimensions of aerials at such short wavelengths. This in turn 
will lead to an all-round improvement in the aerodynamic and thermodynamic behaviour of individual aerials 
under all conditions of flight. Further asvenieages can be envisaged in terms of increased reliability 
during subjection to a wide range of environmental conditions, and the ability to offer aerials having 
minimal drag. One point that needs further consideration, however, is to what extent the aerodynamic 
advantages to be gained from using L-Band aerials, are offset by the need for possibly a greater number of 
aerials per missile to achieve adequate pattern coverage. 


2.3.1 Aerodynamic and Thermodynamic Considerations 


If we assume that the general upward trend in missile speeds will continuc to rise at a similar 
rate in the future, then as a general rule, it would be true to say that the aerodynamic pressures and 
thermodynamic heating of externally mounted aerials will atso continue to rise. Therefore it is likely 
that on existing aerial designs, and choice of materials, will need to be reconsidered in the very 
near future. 


Studies on recent missiles have shown that aerials operating in the UHF telemetry range having 
quarter wavelength spikes in the order of 17 cm. long with typical root diameters of 6 to 7 mm, would be 
aerodynamically unacceptabie on small diameter missiles where the drag of externa) features often becomes 
significant. This has necessitated aerial designs having reduced spike diameters and greater sweepback, 
thereby reducing the drag to acceptable levels, but at the same time increasing the stress levels in the 
aerial and base assemblies, so requiring greater care in the selection of suitable materials. 


On the question of thermodynamic heating, the point has now been reached where the use of certain 
materials such as epoxy resin adhesives, dielectrics, etc., is becoming marginal at elevated temperatures, 
particularly on aircraft-carried missiles where the aerials can be subjected to high temperature ‘soaks' 
for relatively long periods prior to launch. The dimensions of the L-Band aerials will be reduced to 
approximately one third due to the shorter wavelength. Such aerials with their lower, slender profiles 
will produce quite low aerodynamic drag even at high Mach numbers in the lower atmosphere. 


Since telemetry aerials are frequently located on the forward section of the missile, it is 
important that they should not trigger turbulent flow prematurely, and thus increase the friction drag 
component of the missile bodytube. Therefore, any reduction in aerial size would be beneficial in this 
respect, apart from reducing the pressure drag component acting on the aerial itself. 


2.4 Effect of Surrounding Structures 


If an aeriai is sited close to a projection on a missile the radiated signal which illuminates the 
projection will be diffracted. Large currents may be induced in the projection and both of these effects 
will modify the radiation pattern. The degree of modification is dependant upon the size, shape and 
distance the projection is from the aerial. L-Band aerials can be sited nearer to a missile projection 
than UHF aerials, before their presence modifies the polar diagram pattern of the missile. The distance 
is expressed as a function of wavelength as explained in sub section 2.4.1. The impedance of the aerial 
is also affected but to a lesser extent. 


2.4.1 Aerials Close to Projections on a Missile 


If a vertically polarised aerial e.g. blade or spike, is located not more than half @ wavelength 
from, and parallel to, a fin of substantially the same dimensions, then large currents may be induced in 
the fin because the fin is grounded to the earth plane of the aerial. If the fin is longer than a 
quarter wavelength, the maximum radiation will be in the direction away from the fin and the fin acts as a 
reflector. If the fin is shorter than a quarter wavelength, the maximum radiation will be towards the 
fin and the fin acts as a director. 


This characteristic could be used to provide a forward or rearward looking radiation pattern, 
although a distortion in the radiation pattern implies a gain in some direction since the total radiated 
power remains constant. The effects of diffraction upon the radiation pattern of an aerial in line and at 
a distance of 1, and 10\ from a streamlined projection has been shown by (CARY, R.H.J., 1951). The 
effects are least when the aerial is most distant from the projection and when the lucter has snali 
dimensions. If the projection is normal to the aerial, instead of paralle? to it, the disturbances are 
gery reduced. The impedance of an aerial changes as the mutual coupling between the aerial and the 

in increases. 


2.4.2 Missile Mounted Under Aircraft Fuselage 


The radiation pattern of the missile will be affected by the wings and fuselage of the aircraft, 
and is analogous to an aerial mounted on @ cylinder above a shaped finite ground plane. The pattern will 
be modified by the dimensfons and shape of the wings and fuselage, and also the distance the missile is 
from them. A theorectical analysis of the radiation pattern is difficult due to the shape of the aircraft 
and model measurements are necessary. 


2.4.3 Missile Enclosed by Launcher Tube 


Missiles are sometimes fired from launcher tubes attached to the fuselage and/or wings of an 
aircraft or alternatively from ground bases. The radiation pattern will be severely affected by the 
proximity of the metallic launching tube, and determined by the amount of radiation leaking from the 
partially or totally enclosed tube. Nulls in the radiation pattern can easily be 20 dB down from the 
free space condition, causing in the worst case, loss of transmission from the missile. The impedance of 
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the aerial is altered due to the increased capacitance between the spike tip or across the mouth of a slot 
aerial and the tube, causing a lower V.S.W.R. at the aerial input. 


3. AERIAL SPECIFICATION 


System requirements will determine whether a linearly or circularly polarised aerial is to be used. 
If the drag of an external aerial cannot be tolerated or alternatively if the gap between a missile and 
the launcher tube is smail, then a suppressed aerial has to be fitted. Consideration must be given to 
the location and number of aerials required to provide adequate radiation pattern coverage for each 
missile. Much information can be obtained from the radiation patterns in three mutually perpendicular 
planes, commonly known as the principal radiation planes. The most important of these are the azimuth 
and the transverse elevation planes, and Fig.1 shows their disposition with respect to a missile. 
Radiation patterns in general should be omnidirectional in the transverse elevation plane with good rear- 
ward coverage in all other planes. (SCOTT, W.G. & SOO HOO, K.M., 1966) have demonstrated that the 
radiation pattern of an aerial without nulls must contain all polarisations from right hand circular, via 
linear to left hand circular. However, to take advantage of this result the greund receiving station 
must also respond to all polarisations. The missile may have to be roll stabilised if the stability of 
the missile affects the performance of the telemetry link from the missile to the receiving station. 


To obtain maximum transfer of power between the transmitter or receiver and aerial, the impedance 
of the aerial should match the characteristic impedance of the feeder cable which connects them. The 
impedance should remain constant over the range of operating frequencies but is limited by the Standing 
Wave Ratio. The majority of telemetry aerials are matched to 50 ohms and the V.S.W.R. measured at the 
r.f. connector is greater than 0.8. 


Most missile aerials operate under hostile environmental conditions. For example, if a missile 
travels to high altitudes then corona discharge may take place resulting in a subsequent reduction in 
signal strength received by the ground station. By reducing sharp corners and increasing element and 
base diameters the power (assuming same pressure) at which corona takes place is increased. Alternatively, 
the missile may travel close to the sea and sometimes through the crests of waves. In the latter 
condition the aerial would look like a partial short circuit resulting in an increase in reflected power 
which could upset the telemetry transmitter. Aerials are environmentally tested to British Standard 
2G100 and other similar specifications. These tests include vibration, acceleration, climatic, water- 
proofness, salt corrosion, ice formation and compass safe distance. 


4. REVIEW OF SUITABLE AERIAL DESIGNS 


Missile aerials can be categorised as either external or suppressed aerials. External aeriais 
protrude from the surface of the missile, whereas suppressed aerials are contoured and fit flush to the 
surface of the missile. Details of aerials that could be used for missile telemetry applications at 
Upper L-Band frequencies are shown in Table 2. 


TABLE 2 


Typical Typical 
Dimensions Bandwidth for 
H - Height a V.S.W.R. 

D - Diameter of 0.66 


Radiation 


Pattern Polarisation 


Aerial type 


External 


Spike & Blade Azimuth - linear 
omnidirectional 


5% with stub 
compensation 


Short Helical; 
Conica? Helix Broad 
Cylindrical Helix Beam 


circular Under 1% 


circular 
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Equiangutar: 
Planar Spiral 
Conical Spiral 


Archimedean 
Planar Spiral 


Suppressed 
Slot 


Crossed Slots 
when fed in phase 
quadrature 


Notch 


Broad 
Beam 


Broad 
Beam 


Depends on missile 
diameter 


Depends on missile 
diameter 


Broad Beam; 
depends on the 


size of the Missile 


projection 


circular 
circular 


circular 


Vinear 


circular 


linear 


H-36 cm 0-8 cm 
D-17 cm 


Length 10 cm 
Width 0.5 cm 


Length 4 cm 





Large 
Large 


Large 
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An analssis of the information in Table 2 reveals the following: 
(a) Each category contains a number of linearly and circularly polarised aerials. 
(b) Short helical aerials are essentially single frequency devices. 
(¢) Spiral aerials are generally too large to fit the smaller diameter missiles. 
(d) Slot aerials would have to be contoured to suit the missile bodytube. 

5. CALCULATION OF RADIATION PATTERNS 


It is possible to calculate certain aspects of the expected patterns relatively easily, but other 
aspects present greater difficulty and require numerical techniques to achieve any success. The pattern 
aspect that can be computed easily demonstrates the distribution of energy around the missile diameter by 
aerial elements placed on an infinite cylinder. Solutions to the problem have been known for dipoles and 
slots for a long time, and (WAIT, J.R., 1959) includes a comprehensive survey of the available literature. 


Computations have been carried out for a range of D/A ratios using simple 4/4 monopoles, mounted 
radially on a cylinder of diameter D as illustrated in Figs. 2, 3 & 5. 


5.1 Radiation Patterns of a Single Monopole Aerial 


The patterns shown in Fig.2 indicate the gradual increase in the shadowing effect for an increase in 
missile diameter. The patterns also exhibit two complete nulis which are directly in line with the 
radiating element, and are due to the inability of such dipole like elements to radiate in directions 
along their own length. 


Although for the smaller diameter sizes a reasonable distribution is obtained, for the larger sizes 
it is necessary to include more than one aerial to overcome the shadowing effect. This is sunmarised in 
Table 3 where the percencage of angles for which the level exceeds the average and (average - 10 dB) 
levels respectively is indicated. This average level must not be confused with the overall aerial gain 
since it only applies to the transverse elevation plane. 


TABLE 3 


Percentage for which level 
is greater than: 


average average - 10 dB 





Although Table 3 does show a trend of reduced coverage as diameter increases, it is not repeated in 
such an obvious manner at the ~10 dB below average level. However, the seeray of computation was not 
so great here. It is possible to fill the null directly in line with the aerial by using a raked spike 
aerial 4 mea although this does not do the same on the opposite side of the missile and a shadow 
area st remains. 


5.2 Radtation Patterns of Two Monopole Aerials 


In an attempt to improve the all round coverage a pair of simple monopole aerials have often been 
used. For smal]? diameter cylinders it is necessary that they be ped Sze so that the contributions from 
each aerial add in phase as much as possible. This means in effect f at they must be energised | out 
of phase, and since they point in opposite directions their contributions are finally brought back into 
phase. Fig.3 illustrates the resulting patterns for the range of D/A previously used and Table 4 
summarises the degree of coverage obtained. 


TABLE 4 






Percentage for which level 
is greater than: 


average ~ 10 dB 





average 


| 
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: For the larger diameters there is a very obvious interference pattern in this plane and the coverage 
obtained is now no longer very dependent on the aerial phasing which could be allowed to take on any value 
as far as coverage in this plane is concerned. 


A comparison of Table 4 with the previous one does not immediately show any significant improvement 
in the coverage obtained by using two aerials, except perhaps at the -10 dB below average level where 
there is a alge improvement. However, there is a more uniform distribution in general with two aerials 
since the angular sectors over which these levels fall below the specified level are smaller. A more 
significant improvement is obtained when raked aerials are used since the regions of low coverage are now 
improved on both sides of the missile. 


5.3 Radiation Patterns of Four Monopole Aerials 


Four simple spike aerials can be utilised on the smaller diameter missiles to produce almost perfect 
coverage in the sense indicated by (SCOTT, W.G., & SOO HOO, K.M., 1966). This is achieved by placing the 
four aerials uniformly around the diameter and energising them to produce circular polarisation of 
opposite hands along either direction of the cylinders longitudinal axis and linear polarisation in the 
transverse elevation plane. This is identical in effect to a turnstile aerial system. As the cylinder 
ome is increased however, the transverse coverage worsens and breakup occurs due to increased aerial 
spacing. 


Fig.4 illustrates the degree of coverage obtained with this arrangement as a function of cylinder 
diameter to r.f. wavelength. This figure plots the ripple in the transverse elevation plane j.e. ratio 
of maximum to minimum levels obtained around the cylinder. If a 10 dB ripple level is considered to be 
acceptable then the coverage obtained is satisfactory for all D/A ratios up to 1.25 except for a smal] 
range of ratios between 0.55 and 0.9. The excessive ripple occurring at this diameter (i.e. D = 0.7\), 
is due to the coincidence in angle of an interference null in this direction obtained between pairs of 
opposite aerials. Such nulls are also repeated at closer spacing as the diameter is increased. Fig.5 
illustrates the patterns obtained for a range of D/A ratios. The use of raked aerials as opposed to 
conventional monopoles will alter this picture and could possibly improve the coverage. 


5.4 Radiation Patterns of More than Four Monopole Aerials 


It is possible to extend the range of cylinder diameters up to which good coverage is obtainable by 
increasing the number of elementary radiators around the circumference. Some calculations have been made 
with 6 and 8 radiators which suggest that pattern ripple could be contained within less than 10 dB for all 
the diameters being considered (i.e. up to D/A = 3.08 at least). 


5.5 Effect of Missile Length 


The theory used to compute the radiation pattern in directions around the cylinder, can he used to 
compute the pattern in other directions as shown by (WAIT, J.R., 1959 & SINCLAIR, G. 1951). Complete 
poeta calculations can be made but these only refer to aerials mounted on a plain cylinder of infinite 

ength. In some cases, such calculations can be useful in predicting results but usually the finite 
length of the cylinder produces marked differences in the pattern. 


A number of authors including (KUEHL, H.H., 1961 & BALANIS, C.A., 1970) have considered this problem 
using different mathematical techniques with various degrees of success. The usefulness of such 
solutions for a given missile mont gurenacn are not too clear at the present time, because the real problem 
is found when it is realised that missiles do not consist of perfect finite length cylinders. They have 
fins and wings etc., which have a pronounced effect on the pattern shape particularly in the rearward 
direction where telemetry reception is usually of most importance. 


§.6 Electrical Resonances Caused by Discontinuity in Missile Airframes 


It is very difficult to calculate the effects produced bya discontinuity in the missile airframe 
ae electrical resonances which affect the radiation pattern. For example, if a notch is cut into a 
oe which pivots about a central axis, the gap between the body of the missile and the root of the wing 
could produce an elactrical resonance. The radiation pattern and the V.S.W.R. of the notch will be \ 
affected if the length of the gap from the Jeading and trailing edges of the wing to the pivot axis is 
approximately 1/4. These effects can easily be seen by making model radiation pattern measurements. 


6. PROTOTYPE AERIAL DESIGNS AND EXPERIMENTAL RESULTS 


The most generally used 450 MHz telemetry aerials are the spike, blade, notch and slot. These 
aerials are more attractive at 1,500 MHz due to their reduced dimensions and Figs. 6, 7, 8, 9 and 12 show 
prototype designs which are described below: 


. 6.1 Spike Aerials 


Fig.6 illustrates variations of the conventional 1/4 resonant spike aerial including dimensions for 
operation at both 450 and 1,500 MHz. These aerials combine simplicity with ruggedness and a vertical 
cylindrical spike can be tuned to cover a 5% bandwidth with a V.S.W.R. better than 0.66. The drag on a | 
1,500 MHz spike aerfal is approximately 75% less than one operating at 450 MHz and can be further reduced 
by raking and tapering the spike. Raking the spike produces a marked increase in the H - plane radiation 
pattern and also a lower impedance and reduced bandwidth. These aerials can withstand high temperatures 
providing a stainless stee] rod end good base insulators are used. 


6.2 Notch Aerials 


The notch or open ended slot has been described in detail by (JOHNSON, W.A., ee) Using Babinets 
principle a notch cut into a finite metallic sheet can be shown to have the same radiation pattern (except 
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for changes in polarisation) as a complementary monopole protruding from the edge of a complementary 
sheet. Notch aerials have been cut into the trailing edges of a missile tailfin and the radiation 
pattern produced is nearly omnidirectional in the azimuth plane and directional towards the rear of the 
missile in the fore and aft plane. The impedance at the mouth of the notch is very high, typically 
1,000 a for a notch length of 0.2 a dielectric. 


At 1,500 MHz the length of the notch is approximately 4 cm and the short circuited portion beyond 
the feed point in Fig.7 can be treated as compensating reactance, whilst further compensation can be 
obtained by adding parallel capacitance across the feed point or mouth of the notch. Bandwidths of 10% 
have been achieved for a V.S.W.R. of 0.5 and could te extended by varying the notch width to produce a 
tapered transmission line. Fig.8 shows a notch blade aerial which is capable of operating over nearly 
twice the frequency bandwidth of the spike aerial. The drag of the blade is slightly higher than that 
for the spike, although it is smal] when compared to other aerials operating at 450 MHz. The blade body 
can be produced in steel or light alloy as a casting or machining, and the notch loaded with a suitable 
dielectric material of a non-charring type. 


6.3 Sleeve Aerial 


Fig.9 shows a sleeve aerial which is new to missile work although it has been used successfully in 
communication and navigational systems on civil and military aircraft. It is a variant of the A/4 
resonant monopole in which the outer conductor, attached to the ground plane, surrounds part of the length 
of the inner radiating conductor. When the outer conductor is approximately 1/8 above the ground plane 
and the remaining inner conductor bent so that it is parallel to the ground plane, the impedance is 
approximately 50 ohms. The advantage of the sleeve aerial, with respect to the spike aerial, lies in its 
reduced height and increased bandwidth, typically 15% for a V.S.W.R. of 0.55 without stub compensation. 
pepeeunanicel iy this type of aerial has no great advantage over the blade or spike and the radiation , 
pattern is similar. 


6.4 Slot Aerial 


The counterpart of the a/2 dipole is the rectangular slot cut in a large metallic ground plane. The 
length of the slot is 4/2 and width simply related to the dipole cross-section. The radiation pattern is 
similar to that of the dipole but the radiation is horizontally polarised when that of the dipole is 
vertical. The impedance of a centre-fed slot radiating on both sides is 482 ohms, which is doubled when 
the radiation from one side is suppressed. Successful matching to 50 ohms can be achieved by a probe 
extending into the cavity behind the slot, or alternatively off-centre direct feeding can be used. The 
slot aerial is attractive at L-Band and higher frequencies because it offers: 


(a) A reduction in drag compared to external aerials. 
(b) Slot aperture under 10 cm long and narrow at 1,500 MHz. 


(c) If the cavity depth is reduced by dielectric loading, a stripline version of the aerial could 
be adhered to the surface of the missile. 


(d) The polarisation can be changed from linear to circular by using crossed slots, or by loading 
the slot with a parasitic dipole and feeding both elements in phase quadrature, 


Longitudinal and circumferential slots cut into the surface of cylinders have been investigated by a 
nunber of authors a (WAIT, J.R., 1959 & SINCLAIR, G., 1951). A longitudinal slot cut into the 
surface of a horizontal cylinder produces a vertical} lerised field which is essentially circular in 
the transverse elevation plane providing the D/A ratio does not exceed 0.125. Increasing the diameter of 
the cylinder causes the pattern to gradually change in shape to a cardioid, although pronounced nulls 
occur behind the slot when D/A > 1 as illustrated in Fig.10. Fig.10 also compares the radiation 
patterns between a tong) tudina) and circumferencial slot aerial having the same 0/A ratio. The slot ! 
aerial has deep nulls in the radiation pattern at the narrow slot ends and to obtain good omnidirectional 
and rearward coverage two circumferencial slots are generally used, although this arrangement is restricted i 
to the medium and larger missile diameters. en shows the pattern variation between two diametrically 
ops ive circumferencial slots fed in phase and in anti-phase. The radiation pattern in the other major \ 
planes depends mainly upon the length of the cylinder and can best be determined by using a scaled model. : 
The bandwidth of a slot aerial is similar to a complementary dipole typically 8% for a V.S.W.R. of 0. 
which can be marginally improved by increasing the width of the slot, although the length to width ratio 
should remain approximately equal to three. i 


6.5 Printed Board Aerials 


Several attempts have been made in recent years to manufacture inexpensive printed board telemetry 
aerials which can be attached to the outer surface of a missile. A new version of such an serial 
described by (EBERSOL, E.T., 1973), has been designed to operate at L-Band frequencies. The aerial 
consists of a square mata] plate supported by a dielectric substrate above a metallic ground plane and 
connection to a coaxial transmission line ¢s made from the centre of one edge of the square as shown in 
Fig.12. A satisfactory performance {s obtained when the sides of the square are 1/2 ae measured in the 
dielectric material and the minimum size of the ground plane {s1.0A. The aerial {s linear polarised with 
the electric vector perpendicular to the excited edge and typical radiation patterns are shown in Fig.i3. 
The radiation mechanism of the aerial appears to be due to fringing fields present at both the excited and 
opposite edges. Successful attempts have been made to produce a circu’ :-rly polarised aerial by feeding 
two adjacent edges in phase quadrature via a hybrid junction. The chief disadvantage of the aerial as 
presently utilised is due to the small available bandwidth typically not more than 5% for aV.S.W.R.of 0.4. 
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Fig.4. | Computed Radiation Pattern Ripple in the Transverse Elevation Plane for various D/A Rattos. 
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Fig.6. 4/4 Resonant Spike Aerial. 
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Fig.7. Notch Cut into the Trailing Edge of a Missile Tail Fin. 
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Fig.8. Upper L-Band Notch Blade Aerial. 
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Fig.9, Upper L-Band Sleeve Aerial. 
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Fig.12. Upper L-Band Printed Board Aerial. 
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ELECTRONICALLY SCANNED TACAN ANTENNA 
AS AN ENROUTE AND TERMINAL NAVIGATIONAL AID 


Edward J. Christopher 
Rome Air Development Center 
Griffiss Air Force Base, New York 13441 


SUMMARY 


This paper describes the principles of operation of present mechanically rotated TACAN (Tactical Air 
Navigation) antenna systems and addresses their performance characteristics. 


The manner in which these characteristics may be impreved is addressed in an analysis of two (2) 
United States Air Force/Rome Air Development Center (PADC) contractual efforts which have resulted in the 
design, fabrication and test of two (2) experimental models of an electronically scanned TACAN antenna. 
RACC performed these efforts under the sponsorship of the AIMS/TRACALS System Proqram Office, Hanscom 
Field, Bedford, Massachusetts. 


A TACAN antenna canable of providing full band operation and electronic scanning in a single radiating 
structure has been demonstrated, The array approach permits elevation pattern shaping. Through a 
combination of steep pattern slope at the horizon and low side lobes below the horizon, siting is less 
sensitive, i.e, bearing errors over the required spacial coverage of the TACAN system, which are introduced 
by the antenna environment, are minimized, There are no moving parts that require preventive maintenance 
and modular desian should allow most repairs to be made in the field, reducing both mean time and mean 
cost to repair when compared with existing mechanical systems. 


1, INTRODUCTION 


TACAN is an air naviqation system that provides to an aircraft its distance and bearing from a qround 
beacon within line of sight range. A brief explanation of TACAN system operation is given because a 
primary system function, that of providing bearing or azimuth information, is accomplished solely by the 
antenna subsystem, The key performance requirements of the antenna are critical to TACAN operation, and 
the TACAN function should be understood prior to discussion of the theory and design considerations of a 
cylindrical electronically scanned array for application to the TACAN system. Fiqure 1 illustrates 
the sequence of events involved between interrogation by the aircraft and the reply from the ground 
beacon transponder, 


2. PERFORMANCE REQUIREMENTS 


The purpose of the TACAN qround station is to transmit siqnals that enable an aircraft, equipped with 
multi-channel TACAN equipment, to fix its position relative to the qround station. The position fs 
indicatec as the distance in nautical miles of the aircraft from the around station, and the magnetic 
bearing from the aircraft to the qround station. Because the system operates at ultra-high frequencies, 
transmission is limited to line of siqht between the antenna of the TACAN ground station and the aircraft. 
A number of ground stations are necessary to cover a large qeographical area; therefore, a multi-channel 
system ts used. Each around station is capable of receiving air-to-qround interrogations on any one of 
the two-hundred and fifty-two (252) assiqned channels using one-hundred and twenty-six (126) frequencies 
from 1025 to 1150 MHz and each qround station can respond on any one of two-hundred and fifty-two (252) 
frequencies from 962 through 1215 MHz depending on channel assiqnment. 


The basic elements of the ground station equinment comnrises a radio beacon set; an antenna; power 
supplies, control, test, and monitor units, The qround station pulsed siqnal consists of distance 
measuring equipment (DME) renlies, bearing reference siqnals, random pulses and station identification 
Signals. The airborne equipment includes a multi-channel transceiver and visual bearing and distance 
indicators, 


3. PRINCIPLE OF OPERATIOSI 


When the pilot selects a qround station, the airborne transmitter sends out distance interrogation 
pulses on the receiving channel frequency assigned to the around station. As the pulses are received 
by the qround station, it triqgers the transmitter, sending out reply pulses on its assiqned transmitting 
channel. Timing circuits on the aircraft measure the time intervals between the interrogation and reply, 
and convert the time difference into a sianal which onerates the distance indicator. 


Bearing information originates at the around station and is multiplexed with the distance-measuring 
siqnals. The information derived at the aircraft is the comnass heading (from maqnetic north) from the 
aircraft to the qround station, The aircraft obtains this bearing by comnaring the phase of two (2) 
modulated components imposed on the around station transmitted siqnal output with the tine occurrence 
of reference siqnal bursts also transmitted by the ground station, The qround antenna azimuth pattern, 
which is rotating, impresses this anolitude modulation on the pulse train of the transmitter, resulting 
in the siqnaleinespace from which bearing is derived, 


Present qround beacon directional patterns are obtained from mechanically rotated antenna systems, 
(Greco, 5.V., and Electrical Communications, 1956) Fiqure 2 provides diaqrams of a mechanically 
rotated antenna system and radiation patterns. The svstem makes combined use of parasitic elements 
and a driven central antenna. Fiqure 2-A is the Limacon pattern obtained when energy from the central 
antenna strikes the 15 Hz parasitic element, Fiqure 2-B is the static 9-lobed pattern obtained when the 
135 Hz parasitics intercept and reradiate energy from the centra) antenna, Fiqure 2-C is the resultant 
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pattern obtained due to the combined effects of the two (2) sets of parasitic elements. The composite 
pattern is mechanically rotated at 900 rpm. 


Figure 3-A is a plot, in rectanqular coordinates, of the cyclic variations in field strength of the 
radiated signal received by the aircraft as the antenna rotates. The composite azimuth pattern is shown 
in the polar plot of Fiqure 3-8. : 


In Figure 3-A the Limacon (15 Hz) pattern is represented as a sine wave in rectangular coordinates 
and the nine-lobed pattern superimposed on the Limacon is the ninth harmonic of the sine wave. Since 
the azimuth pattern rotation rate is one (1) full turn in 1/15th second, the radiation pattern of the 
antenna contains one (1) frequency component of the 15 Hz and a second frequency component, representing 
the ninth harmonic of the pattern's rotation, or 135 Hz. The complete signal radiated by the antenna 
contains both frequencies, and it is these two (2) freouencies which amplitude modulate the train of 
pulses transmitted by the qround station beacon in each azimuthal direction. The phase of these signals, 
with respect to the time occurrence of reference signal bursts, varies with azimuth. 


To determine the aircraft bearing, the electrical phase of both the 15 Hz and 135 Hz signals must be 
measured. To measure the phase, fixed reference pulse bursts are transmitted during the rotation of the 
radiation nattern at specified instants. Separate reference siqnals are transmitted for the 15 Hz and 
135 Hz waves. The reference signals are introduced into the pulse train whenever the reference qroup 
generator of the ground station is triqgered by a pulse from the antenna control aenerator. The timing 
of the trigger is set to align the modulation to magnetic north. The north and auxiliary pulses are 
derived from and phased-locked with the 15 Hz and 135 Hz modulation. The time of arrival of these 
pulses relative to the zero-crossing of their respective modulating frequency waves is measured to find 
the aircraft bearing to the ground station. 


_ Note in Fiqure 3 that the phase of the 15 Hz signal changes by 360 degrees as the aircraft flies 
one (1) orbit around the beacon. However, the aircraft receiver picks up not only the direct wave 
radiated by the antenna, but also waves reflected off large objects. Therefore, from the 15 Hz 
components of the wave, the aircraft obtains a compass heading to the ground station that indicates 
the direction of the qround station, but which may be several degrees in error. 


This error is reduced by measuring the phase of the 135 Hz component of the wave. As the aircraft 
moves through 40 degrees of arc, the phase of the 135 Hz signal changes by 360 degrees. Thus, for 
every space degree chanae in bearing, there is a 9 degree change in phase. In other words, 1 deqree 
of phase shift produces 1/9th deqree change in azimuth indication at the aircraft. This reduces the 
15 Hz bearing error ninefold. TACAN is basically a vernier system with coarse and fine information 
developed by the antenna used to provide azimuth bearing. 


4. ANTENNA SYSTEM LIMITATIONS 


The mechanically rotated TACAN antenna system is limited in vertical aperture since a larae vertical 
aperture introduces mechanical rotation and wear problems. A limited aperture results in poor slope 
characteristics at the horizon intercept. This characteristic makes the antenna sensitive to both 
multipath and ground reflections which contribute to the formation of nulls in the vertical profile and 
errors in tracking accuracy due to distortion in the modulation side bands. To minimize the effects of 
ground reflections, a larger vertical aperture and improved phase and amplitude distribution is required. 
However a larger aperture introduces mechanical reliability problems when using the rotating parasitic 
approach. . 


A further limitation of the mechanical systems is that the geometry of the radiating elements 
restricts the achievable antenna bandwidth to half the TACAN frequency band. Therefore, two or more 
radiating structures are required to achieve full band coverage. 


5. APPROACH 


As a result of the Timitations of the mechanical systems and with the increasing air traffic denvity 
problem it became evident that a more flexible antenna system was needed. Advancement in the state of 
the art in phased arrays showed much promise of employing a cylindrical etectronically scanned array 
to provide the improved phase and amplitude distribution necessary to minimize the effects of qround 
reflections and to achieve all band coverage in a single radiating structure. However,an optimum 
solution had not been obtained to the problem of distributing the power in the azimuth plane to feed a 
cylindrical array with the correct phase and amplitude distribution and thereby provide the required 
azimuth Limacon and 9th harmonic pattern. Further,it had yet to be determined how this pattern would 
be rotated at a constant 900 rpm at all RF frequencies. 


In March 1970, RADC under sponsorship of the AIMS/TRACALS System Program Office, Bedford, MA, 
awarded dual contracts to perform a study and investigation for the design of an all band electronically 
scanned cylindrical array compatible for use with the TACAN system. The contracts were awarded to the 
ITT Avionics Division Nutley, Nd and the RANTEC Division of the Emerson Electric Comnany, Calabasas, CA. 
Each contract consisted of two (2) phases, the first involved the study and design of a technique to 
meet the above needs, Phase I? invotved the fabrication and test of experimental models upon which the 
feasibility of the technicues developed under Phase I could be demonstrated. Prior to discussing the 
results of these efforts an analysis will be provided to better understand the limitations involved in 
the desian of an electronically scanned TACAN antenna. (Hanratty, R.J., 1970) 


5.1 Oesiqn Considerations 


Several variables affect the 15 Hz and 135 Hz modulation characteristics. These include cylinder 
radius, array element density, element pattern, phase and amplitude modulation at each element and 
reaufred elevation coverage. Fiqure 4 relates the amplitude modulation index to a factor, R cos GEL. 
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This factor defines the interrelationship between antenna radius (Rj, wavelength (a), and elevation 
coverage (6) when the radiatiny aperture is illuminated with amplitude modulation and a constant phase 
distribution. "Figure 4 shows the characteristic behavior of a cylindrical array as generated by 
computer simulation for a nine-lobed azimuth pattern using a modulation index of .35. The number of 
elements around the array was chosen to maintain circumferential spacings close to .5\ for the various 
radii used. Note that for a given cylinder radius (R), increasing elevation angle (6) corresponds to 
movina left along the curve and increasing frequency is indicated by movement to the right on the curve. 
This curve illustrates that if pattern lobing or modulation is to be larger than some design minimum 
only a limited range of antenna size, frequency, and elevation angle can be used. The modulation which 
is generated as the azimuth pattern is rotated is reauired to be between 12 and 30 per cent, It is also 
desirable to maintain the modulation index to as high an elevation angle as possible. Curves such as 
shown in Figure 4 allow these desiqn requirements to be balanced and an optimum antenna radius to be 
chosen."(Shestaq, L.N., 1970) ; 


A far field amplitude medulation can also be generated by the rotating multfloved pattern when the 
radiating aperture is il!uminated with phase modulation and a constant amplitude distribution. However, 
the use of pure phase modulation requires a cylinder of larger radius, to meet modulation specifications. 
To illustrate this, Table I which outlines the main objective of RADC's contractual requirements was 
prepared. To achieve the performance outlined in Table I a twelve (12) foot diameter cylindrical array 
would be needed if the aperture was phase modulated. If the aperture were illuminated with amplitude 
modulation, a five (5) foot diameter cylinder would be required. If consideration were given to 
illuminating the radiating aperture with a combination of phase and amplitude modulation a diameter 
intermediate to 5 and 12 feet would be required. Fiqure 5 represents the characteristic behavior of the 
particular cylindrical array required to meet the qoals outlined in Table I. The shaded area bounds the 
TVimits within which the antenna system must be desiaqned tn order to achieve the desired frequency and 
elevation coverage, while maintaining a minimum cylinder radius. The shaded reqions represent a cylinder 
of five (5) foot diameter. Therefore, to meet the bandwidth and elevation coveraae outlined in Table I, 
a cylindrical array five (5) feet in diameter and which is excited with pure amplitude modulation is 
neceed ro ee the required TACAN nerformance characteristics over the complete frequency band, 

to Hz. 


The results of these considerations suqgest that if nominal coveraae at higher elevation angles, for 
example above 25 deqrees, can be tolerated, a smailer diameter array, i.e., a diameter less than five (5) 
foot, capable of providing full band coverane and meeting most of the MIL-STD reauirements can be achieved. 





6. DATA ANALYSIS AND EVALUATION 


The model's physical characteristics will now te described alona with the modulation techniques 
employed. The ariechoic chamber, field and flight test results are also provided. 


The physical characteristics of the models are outlined in Table II. ITT's model is desianated ESTA, 
for Electronically Scanned TACAN Antenna and the RANTEC model is referred to as the AT-100, The power 
requirement addressed in Table I refers to the AC power required to scan the modulated pattern and not 
the input PF power. 


The Electronically Scanned TACAN Antenna (ESTA) consists of a cylindrical phased array of radiating 
elements capable of producing an omni directional azimuth pattern, with a fundamental Limacon distribution 
and a 9th harmonic superimnosed at nominal 20 per cent levels. The model shown in Fiqure 6 is 85 inches 
high, 65 inches in diameter and consists of 96 columns of 11 dipole elements each, This model uses 
diqital modulation techniques for controlling radiating elements in place of the mechanically rotated 
parasitic elements previously used to modulate the bearing/distance pulsed RF transmiss‘on, Each vertical 
column radiates at a different amplitude and phase to qenerate the proper antenna pattern, PF energy 
enters the base of the array through ar L-Band coaxial wavequide. A series of 64 digital ly-controlled 
metal tabs in the wavequide, only one of which is shown in Figure 6, change the pror:-uatton mode at a 
15 Hz rate, effectively modulatina the RF at the desired coarse bearing siqna} rate, RF enerny carrying 
the 15 Hz modulation waveform then qoes through a 96:1 power divider and a distribution system to feed 
the 96 stacks of dipoles each one of which has a digital switch, located at the base of the vertical 
column, that turns on and partially off at the fire bearina modulation rate of 135 Hz. - 


Both diaital controls are locked to a common clock to eliminate phase problems, The switching ’ 
system actually stens a number of columns at one time to previde smooth rotation of the pattern in space, 


After fabrication, the mudel was tested in the contractor's anechoic test chamber. Table III 
compares the results of these tests with the principal performance requirements. 


The AT-100 model uses a cylindrical array to achfeve al) band TACAN coverage. The cylindrical 
array shown in Fiqure 7 is 96 inches high and 62 inches in diameter. It contains 36 columns of 
12 elements each. The elements are wideband cavity radiators connected directly to the clevation beam 
Shaping circuit. The circuit is a 12:3 power divider made up of two (2) 6:1 strinline networks that 
provide the correct phase and amplitude distribution to produce the required elevation pattern. 


An analog modulator desian has veen selected. It is a snlit tee with a diode shunt on each outrut 
arm. Continuously varying the diode bias varies the ratio of power division between the two output 
ports. The modulation technique used 1s based on a characteristic of the TACAN azimuth modulation 
sianal, which fis: the sum of the voltanes at diametrically opposite points on the antenna is a constant. 
There are 18 modulators feeding diametrically onposite columns of the array. The modulators onerate 
such that when voltage is reduced on one side of the array in accordance with the modulation siqnal, 

{t 18 added by the same amount to the opposite side of the array, thereby elininating lossy downward 
modulation, * 


*Patent Pending 
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The horizontal distribution network consists of four 3:1 power dividers and nine 2:1 power dividers 
to provide a distribution network from the beacon to feed the if modulators. The two (2) outputs on 
each of the 13 modulators provide the final inputs to the 36 columns. All power dividers are fabricated 
in stripline. 


The electronic modulation qenerator provides al] bias controls for the RF modulators and triager 
sionals to the beacon. This bias to the modulators is simultaneously varied at the 15 and 135 liz rate 
to analog voltage modulators for rotating the composite radiation pattern (electronically) at 
900 rpm. 


The results of the anechoic test chamber measurements on the AT-100 are listed in Table IV. 


As part of the contractual efforts reliability analysis were performed by both contractors. The 
analysis were based on a parts count appreach using component failure rates taken primarily from 
NIL-HBK-217A “Reliability Stress and Failure Rates for Electronic Equipment". Tables V and VI 
constitute the definitions and the summarized information relative to the reliability analysis. 


To better visualize the pattern coverage achieved, Fiaure 8, a measured elevation pattern taken at 
1087 MHz has been plotted. It illustrates the high horizon slope, low negative (below horizon) side 
lobes, typically -16 dB across the frequency band and the excellent rejection to cross polarization, 
areater than -25 dB below the peak of the elevation beam. The two (2) dashed lines represent the 
limits within which the elevation coverage was to lie from the upper elevation 3 dB point to +50 dearees, 
to meet. the requirements. 


With the completion of the chamber tests, both models were field and fliqht tested at the 
United States Navy's Electronic Systems Test and Evaluation Facility (NESTEF) St. Iniqoes, MD. The 
results of these tests have shown the following: 

Closely verified the results of contractors’ chamber tests; 


Demonstrated that both models passed the azimuth accuracy reauirements of Flight Inspection Manuals 
(AFM 55-8 and NAVAIR 16-1-1520) for enroute and approach radials. 


7. SUMMARY 

The performance limitations of mechanically rotated TACAN antennas, in particular operational 
bandwidth and sensitivity to around reflections have been addressed. Desiqn considerations have been 
described which considered the factors most pertinent to the achievement of all-band coverage in a 
single electronically scanned TACAN antenna. 

As a result of the develonment efforts, two (2) experimental model TACAN antennas, each capable 
of providing all-band operation in a single electronically scanned radiating structure have been 
demonstrated. Such a system offers the following features: 

a. The array approach permits controlled elevation pattern shaping to provide a combination of 
steen pattern slope at the horizon intercent and low below horizon side lobes thereby reducing site 
generated bearing errors and increasing accuracy of the system from an operational standpoint. 

b. The absence of moving parts will reduce’ preventive maintenance requirements. 

c. Modular desiqn will allow most repairs to be made in the field thereby: 

(1) Minimizing down time. 
(2) Providing increased system availability. 


(3) Reducing the meantime to renair and meancost to repair when compared with existing 
mechanical systems. 


a 
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ELECTRONICALLY SCANNED TACAN ANTENNA PERFORMANCE REQUIREMENTS 
TABLE 1 


FULL-BAND OPERATION 960 - 1215 MHz 
NONROTATING ANTENNA (ELECTRICALLY SCANNED) 


PATTERN CHARACTERISTICS 


SLOPE ON HORIZON >. 2 VOLTIDEG (NORMALIZED TO 1.0 V AT HORIZON) 

GAIN >6DB AT PEAK OF ELEVATION BEAM 

ELEVATION COVERAGE CSC @ IN VOLTAGE, WITHIN +2 DB, FROM UPPER 
3 DB TO 50° ~ 

CROSS -POLARIZATION AT LEAST -20 DB 

SIDE LOBE LEVEL BELOW HORIZON, MINIMUM OF -18 DB 


EXPERIMENTAL MODELS PHYSICAL CHARACTERISTICS 


TABLE 11 





— 





: ESTA AT-100 ! 
' Height 8 inches 96 inches | 
ees a to na | 
Weight 1050 soiinds (Antenna | 750 sounds (Antenna: 
and etectrontcs) | and ElSctconies) | 
~ Metin mae eer ‘ 2s eveiaat Rea laxors G5 ateumicme, A 
_ Diameter 65 Inches 62 inches 
Scanning Modulator less than 150 Watts a. “Tess than 150 Watts 
Power ReoUtrements. 
pane - crue dinaieath cclcsee se Staats ws Saal Os ‘ashe Seetee 
| Array Columns 96 36 | 
meee ge a set a oe ; id ap ld cents Sash wan sais aes bees cea Lae “| 
Elements per Column 11 Dipole Elements 12 Radiating Cavity 
| Elements 
L ache Sia tee Cas urge deans eee ea? —. 





Both antennas achieved all-band coverage ina single a radiating structure. 
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RADC PERFORMANCE 
REQUIREMENTS 


Operational Bandwidth 

960 - 1215 MHz 
Slope Rate of Change of Signal 
Level Within + 2° of Horizon 
.2 Videgree When Normalized 
to 1 V at the Horizon 





MEASURED TEST CHAMBER DATA "ESTA" MODEL 


TABLE 111 


CONTRACTORS TEST CHAMBER DATA 


All Band Coverage Achieved 


Varied Between . 26 to . 36 V/Degree Over the Frequency Band 


Per Cent Modulation: Meet 
MIL-STD 291-B Requirements of 
21% +9%, for 0° to +50° 
Elevation Angles Over the 

Full TACAN Frequency Band 


Phase Tracking (Bearing Accuracy) 
15 Hz + 3.0 "Maxima 


135 Hz + .3° 





15 Hz Sideband 0° to 50° 
135 Hz Sideband 0° to 40° 
135 Hz Sideband 40° to 50° 


Met MIL STD Requirements 
Met MIL STD Requirements 
From 960 to 1080 MHz Varied 
Between 5 to 10% 


Peak of Pattern (6° Elevation) 


+4° — Hz —> 9.8°| maximum 


20° Excursions 


e— 135 Hz 


MEASURED TEST CHAMBER DATA "AT-100" MODEL 






RADC PERFORMANCE 
REQUIREMENTS 





| Operational Bandwidth 
960 - 1215 MHz 


Slope Rate of Change of Signal 
Leve! Within +2° of Horizon 

. 2 ViDegree When Normalized 
fo 1 : at the Horizon 


Per Cent Modulation: Meet 
MIL STD 291-B Requirements 
of 21% +9%, for 0° to +50° 
Elevation Angles Over the 

rl TACAN Frequency Band 


” Phase Track ng (Bearing Accu racy) | 
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TABLE 1V 
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CONTRACTORS TEST CHAMBER DATA 


All Band Coverage Achieved 





Varied Between . 22 to. 35 V/Degree Over the Frequency 
Band | 





15 Hz Sideband 0° to 50° Met MIL STD Requirements | 
135_Hz Sideband 0° to 40° Met MIL STD Requirements 
135_HzSideband 40° to 50° From 960 to 1080 MHz Varied 

Between 5 to 12% 


Peak of Pattern (6° Elevation) 


15 Hz + 3.0°)y 26° —— GHz — +6.0° | Maximum 
! 135 Hz + et SN Ave. 

| | £2 <— 135tz —=» + 10°! Excursions 
Agee ea Roe eo 





MEAN TIME BETWEEN 
FAtLURE (MTBF) 
MTBF _(WITH 
REDUNDANCY) 


MTBF_- SOFT FAILURE 
MODE (SFM) 


MTBF -SFM_ (WITH 
REDUNDANCY) 


ESTA 


(21.1K) 21.1KHRS 


(SSK ) 31.1KHRS 


(15. 2K )*1 12, 6KHRS*2 
"Z 


(107K) 107KHRS 
( 55K) 37KHRS 


(36.4K)*2 27. 5KHRS 
"3 
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RELIABILITY FACTORS 
TABLE V 


THE MEAN TIME BEFORE ANY FAILURE WILL OCCUR, 
THE FAILURE MAY OR MAY NOT ALARM THE MONITOR 


THE MEAN TIME BEFORE ANY FAILURE WILL OCCUR 
USING REDUNDANT POWER SUPPLIES 


SOFT FAILURE: THE PRESENCE OF A FAILURE WHICH 
CONTINUES TO ALLOW THE SYSTEM TO OPERATE WITHIN 
SPEC BUT IN A DEGRADED MODE, i.e. NOT AT PEAK 
EFFICIENCY. 


MTBF-SFM: NUMBER OF HOURS SYSTEM WILL OPERATE, 


WITHIN SPEC, BEFORE CUMULATIVE SOFT FAILURES 
ALARM THE MONITOR. 


MTBF-SFM WHEN REDUNDANT POWER SUPPLIES ARE 
AVAILABLE 


PREDICTED RELIABILITY PERFORMANCE 





TABLE V1 
MTBF AT-100 
ANTENNA ASSEMBLY (62.8K)  62.8KHRS 
CONTROL UNIT (57K) 38. OKHRS 
SUB SYSTEM (29.9K)"1 23.5KHRS 
(MTBF -SFM) 


(128.7K) 128. 7KHRS 
(57.0 ) 38.0KHRS 


( 39.7K)*3 29. 3KHRS 


ANTENNA ASSEMBLY 
CONTROL UNIT 


SUB SYSTEM 





“1 MTBF WITH REDUNDANT POWER SUPPLIES 

*2 COMPUTED BY RADC RELIABILITY BRANCH 
USING CONTRACTORS FAILURE RATES. 

*3 MTBF-SFM WITH REDUNDANT POWER SUPPLIES 
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FROM AIRCRAFT 


BEARING BEACON REPLY PULSE 


FIGURE 1 TACAN SYSTEM 
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ANTENNA yy 
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FIGURE 2-A FIGURE 2-8 FIGURE 2-C 
TACAN PATTERN CHARACTERISTICS 


PERSPECTIVE VIEW 
PLAN VIEW 


135 Hz 
PARASITICS -—*- 


CENTRAL 
ANTENNA 


15 Hz PARASITIC 


FIGURE 2 MECHANICALLY ROTATED TACAN ANTENNA 
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CARRIER + 15 Hz + 135 Hz 


CARRIER + 15 Hz 





CARRIER 
ENVELOPE 
OF 
BEARING 
SIGNAL 





BEARING PRESENTATION 
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FIGURE 3A 
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FIGURE 36 


FIGURE 3 COMPOSITE AZIMUTH PATTERN 


MODULATION INDEX ON THE APERTURE = 0,35 







30 L*9 


20 





DESIGN 
MINIMUM 


R cose EL 
d 


PERCENT MOOULATION 


FIGURE 4 AMPLITUDE MODULATION CHARACTERISTICS 


Set eee Se 














24-10 


15 Hz MODULATION INDEX 


135 Hz MODULATION INDEX 
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FIGURE 5A 


2.031 CHANGE 
(0-50° ELEVATION, 960-1215. MHz) 


10 20 50 100 
2x R COS of. 
a 
| FIGURE 5B 
Key: 


R = RADIUS OF CYLINDRICAL 
ARRAY 


eEL = ELEVATION ANGLE TO ' 
OBSERVATION POINT 


A ® WAVELENGTH OF OPERATION ' 





10 20 50 100 


2" R COS6r, 
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FIGURE 5 DESIGN CHARACTERISTICS 


VERTECAL COLUMN 


18 Mz MODULATOR 
POWER DIVIDER 


(64 InPUTS USED) 


MODULATOR 
ORIVER 


RF nPUT 


1385 MODULATOR 
INPUT (96 USED) 


FIGURE 6 "ESTA" ANTENNA MODEL 
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"AT~100" ANTENNA MODEL 


FIGURE 7 
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ANALYSIS OF FINITE ARRAYS OF RECTANGULAR 
APERTURES ON CONDUCTING DIELECTRIC COATED 
CYLINDERS 


J. Vogt 

AEG - TELEFUNKEN 
79 Ulm 
Germany 


SUMMARY 


The aim of the presented theory is to investigate the influence of mutual 
coupling and creeping waves on the performance af a phased array antenna, consisting 
of a finite number of apertures flush-mounted on the surface of an infinite conducting 
cylinder with a concentric dielectric covering. 
The numerical results show that mutual coupling effects are reduced due to the cylindri- 
cal structure of the surface, but are increased due to the dielectric covering. 


1. INTRODUCTION 


Recently there is an increasing interest in so-called conformal arrays, 
particularly in circular and cylindrical arrays. Flushemounted antennas, for example 
apertures on cylinders, have ideal aerodynamic properties and become more and more 
used in airborne radiating systems. 


In rockets and missiles one can save much place, if the radiating structure is 
built right into the radome or if it is placed near the radome wall. This integrated 
radome antenna concept is called "radant’. 


A simple approach to such a radant is the dielectric coated metallic cylinder 
with flush-mounted antennas. Beam scanning can be performed electronically. Because in 
a radant the radiators are located near or directly on the surface of the air- or 
spacecraft, the radiation patterns and the antenna nearfield are substantially affected 
by this surface. : 


The purpose of the presented analysis is the investigation of such effects on the 
performance of antennas flush-mounted on the surface of a conducting dielectric coated 
cylinder. 


The theory takes into account all electromagnetic interaction between the aper- 
tures and the effects due to the structure of the cylinder and the concentric coating. 


In contrast to most of the recent publications, the array and the apertures are 
assumed to be finite. 


2. MUTUAL COUPLING IN A FINITE ARRAY OF RECTANGULAR 
APERTURES ON A CONDUCTING DIELECTRIC COATED CYLINDER 


2.1 Structure Geometry 


The axis of the circular cylinder and the concentric electric coating is assumed 
to be the z axis of an xyz rectangular coordinate system. A 92Z cylindrical coordinate 
system ins associated with the xyz system in the usual manner. The metallic cylinder is 
assumed to be infinitely long and to have the outer radius a; the concentric layer of 
homogeneous lossless dielectric has the outer radius b (b sa). The radiators in con-~ 
sideration are the open ends of the feeding rectangular TE-waveguides. The center of 
an aperture i is described by (9 #9 ,0=¥,z" (|) . For simplicity it is supposed that 
all apertures are of equal dimensions 2h by 2 d, and that they are all oriented 
parallel to the z axis. The cylinder radius a is assumed to be large compared to the 
aperture width 2 d, therefore it is possible to consider the aperture planar with 
negligible error. 


The waveguides are ideal; their dimensions are such that only the dominant mode 
is above cutoff, 
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2.2 The Electromagnetic Fields in the 
Regions a £3¢ band 3> »b 


Following Wait [1] , it is possible to synthesize a solution of the cylindricel 
wave equation in the region a £694 b (region I) and the region outside the 
cylinder 9 > b (region II) by superposition of the appropriate cylindrical Fourier 
transforms. 


The expansions of the external fields in the two regions contain six unknown 
coefficients aft ,AU ,bU ,BU ,cp,Gwhich can be determined by applying the following six 
tangential boundary conditions: 


Eva ; in the aperture , 


4, = (1) 
SPENG:8 2) O ; outside the aperture. 

Eza ; in the aperture, . 
E> (a..z) O ; outside the aperture. (2) 
Ep: (b.9,z) = Ew (b,¥,2), (3) 
Ezr(b.z) = Ezn (b¥.z), (4) 
Hor(b,¥.z) = Yon (b¥.2), (5) 
Hzr(b.%z) = Hag (b,¥,2) (6) 


In (1), (2) Ea is the transversal electric field in the aperture ("internal 
field") which may be expressed as a summation of all possible waveguide modes. 


Ex = DEA = DUPt, (7) 
Pp p 
The associated magnetic internal field is 

Bia = HA = 3 LP FP (8) 


where the mode function hP (, z) is orthogonal with respect to tP (9%, z). The 
external field is by means cf (1), (2) "uniquely determined in terms of the tangential 
electric field on the cylinder surface. 


2.3 Derivation of the Mutual Admittances 
2.3.1 Mode Coupling in the Radiation Field of a Single Aperture 
The internal complex power flowing through the feeding waveguide - in the 


following a single aperture is considered - is the sum of the powers of all individual 
modes without any coupling between the modes. 


P=} fix Gard: (9) 
A 

P= + Sue. iP; (10) 
Pp 

Ps > PP. (11) 
p 


This fact results from the boundary conditions in the waveguide and can be shown 
by means of the orthogonality of the vector mode functions P and e Inside the wave- 
guide there is no mutual coupling between the individual modes, 


This does no longer hoid true for the radiation fields outside the waveguide. In 
the external region 9> a mutual coupling exists between the radiation field produced 
by a mode p and the radiation field produced by a mode q. 


So the internal waveguide power of seach mode, PP + Splits up into a pure self 
radiation power and into an infinite set of powers to maintain mutual coupling between 
the modes. 
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Pint = 3 Bee £ Ped... (12) 
Defining a complex mutual admittance 

peat 
pq . —=Es 
er FyPt yd (13) 
and using the result (10),expression (12) becomes 
>, vPe-us 21P; p=l,...,0. (14) 


The coupling power PPO is produced by the electric radiation field EP due 24 
the mode UPEtp together with the magnetic radiation field nf due to the mode U"Tt 


pest od [EP xB ak ; (A = waveguide cross section). (15) 


The integration in the ( % = a, , z) space may be extended over the whole 
cylinder surface since § tang = © outside the aperture. This leads - using the 
orthogonality of the cylindrical Fourier transforms - to an integration in the so- 
called wave number space K, (along 2 ). 


Pert = 3-0 -4n? > TER aD ak. (16) 
-@ 


In (16), the Ez <-component was neglected for simplicity, because this component 
is usually very small compared to the Ep component. 


£5 (uk,), of (u.ky), are the Fourier transforms of or (y,z), Ht (p,2), for 


fixed Q@= Ae 

ES =cP(u)- DP (kz), (17) 
*Yo ; 

CP) = de fuPrP (oe JM Pay, (18) 
“Yo 

Pk.) win fpBizreltetaz, (19) 
-h 

1$ (9.2) = tP(o)-t8 (2). (20) 


Following Wait (1) 

C8): DU kz) AA LE (uke) He (Aa)+g(ukz) Ju (Aad). (21) 
For an assumed harmonic tame dependencee’!”t the function A is given by 
Viber-kb |; kz € ko Ver (a5) 
jVb kB ey 5 kz > Ky Ver, 


The expressions f ( u , k,)s & ou, k,) refer to the coefficients by , Bu 
and depend only on the geometry of the cylinder resp. the dielectric layer. 


ot 
NO 
a 


A 


With (17) and (21) the mode coupling (16) becomes 
+0 
Pext = 4-0" an? 3CAu) Cu) J[OPCicz)-D%kz)A? [fu kz) Hp (Aya)+g (kz Jp (Asa) diez. (23) 
-co 


The mutual admittance expression (13) for the monde coupling of a single aperture 
can be determined by means of (23). 
2.3.2 Mutual Coupling in the R:diation Field of an Array of Apertures 

Supplementary to (15) the expression of the mutual coupling comprises now the 


mode coupling p, q and = in addition to it the mutnal coupling between the apertures, 
for instance the apertures i and k. 


Pit = 3 [(EPxB}*) af,; (24) 
Aj 
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where the integration is over the aperture i. is the magnetic radiation field of 
the aperture k (due to a mode q) measured on the aperture i. 


With the transformations 
Pj = Pe Haig | BH Ze + Cis Lye =H Yes Cig = Si Ck (25) 


and through (16), (17) with additional index i and (21) with index k the complex power 
(24) becomes 


+O a 
PRO = d-a- Gn? Se dbatik cPury Oty) [OPtee) DE Cke) A'Z(uke) elbikke dig. (26) 
p -o 


The mutual admittance is now defined by 


yf = fh (27) : 
- turud 


where Pa is given by (26). The system of N coupled apertures with M assumed modes 
ac 


is now ribed by 

NM 
=1,...,M 

Doon Wi Oat Py (28) ! 

kel qel 


If it is supposed that only the first mode (p = 1) is above cutoff whereas the 
higher modes p > 1 do not propagate, the currents and voltages can be decomposed [3] 
into 


Uh = Ut + Ue: ibe at Ig (29) 
where 
+ ts 
+. Mk ‘ ~ — Wi | 
lies a i Lee (30) ! 
and i 
R= - of ; pal (31) ! 
with 
fF ; pst 
= {ie : pal ae 


the characteristic waveguide impedance of the mode p. 


(28) reduces now to 


1 1 

2 s (vig + of we) vee 2if-oF (33) 
where P= 1,...,M 
iz 1,...,N 


ane 1; psq ; isk 
ik [o;else, 
2.3.3 Example: Ring of Aperturer on a Dielectric Coated Cylinder 


Evaluating expression (26), (27) for a ring of axial apertures with (ik = 0 one 
finds for assuaed TE no modes with uneven m the following mutual admittance expression’ 


2ak ? Set at cin?(uWo) cos(uaj,) PF _costlykh) 
y s “% e -] | . : e 
vie Zolhko) ake Pe acene 5 voy (1+6H) J PL aE) y*) as 
3 


bo 


ly) 
Yes ye ee dy, 
j¥e--y duly) y 
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where the complex functions nuly), dply) are given explicitely by Knop [2]. For 
asymmetry of the considered ring array with respect to the z axis, only the TE modes 
with uneven m are possible. ~— 


2.4 Further Array Data 


The mode voltages ug in (33) are readily computed by nugerical mothods. The up 
represent the response of the array to a special excitation I, . All other parameters 
of the array can be calculated by means of the system responsé Uf - The far field 
Fatterns may be derived from the rigorous field soluticn using the saddle-point 
method fi] . The array element gain function (all radiators are terminated except the 
element of interest) is computable through the array network data (active admittances, 
reflection coefficient) and the far field expression. 


2.5 Numerical Results 


Fig. 1 shows the E-plane gain function of a single aperture on a metallic 
cylinder with and without dielectric layer. The gain is referred to the matched iso- 
tropic radiator. The radius of the cylinder is 2Ao ( Ao = vacuum wavelength), the 
thickness of the layer is 0.1 Ao. The rectangular aperture is of dimensions 0.72 by 
0.16 Xo according to an angular width of 4.776°. The relative dielectric constant 
of the lossless layer is 2.1. The one mode (TE 0) computation of the aperture admittance 
referred to the waveguide admittance yields thé following results: 


0.45 + j 0.41 for €r =1 
0.81 + j 1.06 for fr = 2.1 


a) ya 
b) yy, 


ul 


These data agree very well with measured data of avertures in an "infinite" 
perfectly conducting plane. 


Fig. 2 refers to an array of 9 apertures of same dimensions as before. The aper- 
tures are parallel to the z axjs with no axial separation ( Cik = 0). The angular 
distance of the radiators is 8. The apertures are terminated except the central 
aperture (no. 5) which is driven. The computed admittances of aperture no. 5 are 


a) y, = 0-44 + 3 0.49 for er= 1 
b) y, = 0.98 + § 1.17 for er= 2.1 





3. CONCLUSIONS 


The presented theory describes the linear system of N coupled rectangular aper- i 
tures on a dielectric coated perfectly conducting cylinder by means of a N . M quadratic 
admittance matrix where M is the number of assumed waveguide modes in the apertures. | 
The matrix coefficicnts depend on the radius of the cylinder, the dimensions of the 
apertures, the vector mode functions, and the material and thickness of the dielectric 
layer. The theory takes into account all electromagnetic interaction between the 
apertures and all effects due to the cylindrical structure which is able to support 
axial and azimuthal surface waves. 


Basing on the system response all interesting data of the array may be calculated. 
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Figure 2: Element gain function of an array of 9 apertures on a 
dielectric coated cylinder 
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Figure 1: Gain function of a single aperture ona dielectric coated cylinder 
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DISCUSSION 


ra t Ww een mentione 


A drop is only found for element distance between o5\,and 1*O\,due to the appearance of 
the grating lobe in these cases. 


J. Voor: The remark on the element patterns was not restricted to the element dintance 
hewn in e figures byt should be under¢tood more generally. What I mentioned ia true, 
onever for gréater element stances also 1) However, for dipole antennas, our own 
inveatigations concerning a non-coated linear array of 17 halfwave-dipoles with a spacing 
of meen Rhos ea a notch in thy central-element pattern (H-plane) of -5dR at an angle of 
abou egrees. 


Js SNIE 3 The element pattern for waveguides ever tures poe ens ore of 
SoA ENG Att Ramr SHE QSHTISAEA Ry Rh SBFaBgs® Sex Deen ehowan” nie Ss Sx 


1) See for instance: G.Vv. Borgiotti Trans. on Antennas and Propagatten AP~18, No. 1, 
Jano 1970, Fig. 6. 





Dae oe Pg EE A eM OEE Ce tg AEN ce Seale Te Oe gee ME rece ee te a REE RT Re ee ME A ar ay Oe ER ea ee RE Sy eee ee RE ee ge eR ee 











ra ee eae ome ene gE ee ee ee 





Co TE EP ETT I TEP SE LL LTE FN TE ERE, OE EE TGS 


26-1 


ANTENWES HYPERFREQUENCE POUR MISSILES HYPERSONIQUES 


par Christian POUIT 
Office National d'Etudes et de Recherches ASrospatiales (ONERA) 
92320 CHATILLON (France) 


Résumé 


Dans le cadre d'un programme d'essai en vol ayant pour but L'analysze des phénoménes physiques 
pendant la rentr&e d'un missile hypersonique dans l'atmosphére, on a utilisé trois types d'antennes 
sayonnant dans les gammes de fréquences 5, C et X. Le type d'antenne retenu (iris rectangulaire noyé dans 
l'alumine) a permis d'aboutir & la réalisation d'afriens satisfaisant aux conditions d'environnement par- 
ticuli@rement sév@res tout en offrant wu diagramme de rayonnement ouvert et wniforme, ce qui permet d'envi- 
sager, par combinaison de ces afriens, d‘tobtenir un ensemble de diagrammes de rayonnement omidirection- 
nel. 


MICROWAVE ANTENNAS FOR HYPERSONIC MISSILES 


Summary 


Within a flight program aiming at analyzing physical phenomena during reentry of an hypersonic 
missile into the atmosphere, three types of antennas were used, radiating in the 5, C and ¥ frequency 
bands. The type of antenna chosen (rectangular iris embedded in alumina) allowed a design satisfying the 
particularly severe environment conditions while retaining a widely open radiation pattern, which permit- 
ted to obtain, by combination of these aerials, an omnidirectional pattern set. 


ee ee 


I = INTRODUCTION 


Dans le cadre de 1'étude des phénoménes électriques apparaissant au cours de la rentrée 
dans l'atmosphére des v&hicules hypersoniques, 1'ONERA a congu et réalisé un programme d'expérimenta- 
tion en vol dit opération "Electre". Ce programme a permis, en outre, de développer et d'essayer en 
wae antennes hyperfr&quences adapt6es aux conditions de rayonnement &@ bord des engins les plus 
rapides. 


Un tel domaine d'application impose en effet des contraintes tout @ fait particuliéres 
aux antennes : miniaturisation, robustesse mécanique et tenue thermique sousun flux de chaleur trés 
intense, 


Il + DESCRIPTION SOMMAIRE DU PLAN DE VOL DE LA POINTE DE RENTRFE "ELECTRE" ET DES CONTRAINTES THERMIQUES 
IMPOSEES AUX ANTENNES. 


La pointe Electre &tait propulsée par le 
lanceur Tib@re &@ 3 6tages (fig. 1), d'une 
masse de 4 600 kg et d'une longueur de 
14 mtres. 


Les deux premiers tages 6taient mis a 

feu successivement pendant la montée ; 
ensuite le 3ame Stage portant le charge 
scientifique était pointé &@ l'aide d'un 
pilote automatique pendant la phase balis- 
tique avant d'étre mis en rotation et 
allumé, Lorsque la vitesse atteignait la 
valeur requise, la charge scientifique 
6tait s&parée du propulseur pour effectuer 
wn vol libre dans l'atmosphére. L'expé- 
rience scientifique proprement dite se 
abroulait pendant cette dernidre phase 
entre les altitudes 60 et 20 km. 


Du fait de l'échauffement cinétique du 
gez atmosphérique, qui se trouvait porté 
a une tempSrature dépassant 6 000 °K, le 
surface de l'engin se trouveit sounise @ 
un flux de chaleur, de l'ordre de 15 000 
kJ/me, Svacué vers l'’intérieur par une 
structure en culvre et en titane, Le tem- 
pfrature dans le mital dSpassait 1100 °K 
dans les parties les plus chaudes. 


«@ fig.! - Lanceur "Tibére" 





nos eee Mie cic cee ca hE ben er a de eee 





a tees Sa le 





STs ORE CTE TN area yer ene ee aS 


r 3 ‘aul eas = 


III ~ L'SLEMENT RAYONNANT 


les contraintes afrodynamiques qui s'exercent sur un véhicule hypersonique imposent un 
profil trae pur pour la structure. De ce fait, les antennes formant sailjie sur la surface sont 
particuli@rement déconseillées, 


En effet, d'une part, le ges comprimé en emont de le saillie provoquerait un accroisse- 
ment local de la concentration S6lectronique dans le plasma d'origine afrodynamiqw, phénoméne 
nuisible & la propagation des ondes radio$lectriques ; d’autre part, les filets fluides décollés 
de le paroi en aval de le saillie pourraient donner nsissance & des tourbillons nuisibles a 
l'Squilibre du vol de la pointe elle~mime. 


Par cons&quent, si on exclut de plus l'utilisation d'un rad&me trés encombrant, on conse 
tate que l'antenne doit &tre soit imprimfe sur le surface, soit encastr€ée dans la paroi du véhicule. 


Les antennes du type “ouverture rayon- 
nante" encastrées dans la paroi parais- 
sent Stre les mieux adapt&es ; de plus, 
elles se prétent bien 2 we analyse 
paforiaes aftaillée du rayonnement [1] 
3j, ce qui est un avantage important 
dans le cas de l'expérience “Electre". 


L'ouverture choisie ici est wn iris rec- 
tangulaire de dimensions beaucoup plus 
petites que la longueur d'onde, qui est 
excité par L'intermdiaire d'une cavité 
parallélépipSdique en alumine fritté de 
puretS supSrieure & 99,5% (fig. 2). 


La constante dif€lectrique relative de ce 
type d'alumine &tant 9,5, les dimensions 
de la cavité et de l'iris sont réduites 
dans le rapport 1/3,1 par rapport & 
celles d'un montage Squivalent ov la 
fig. 2 = Antenne en bande C uvec sa fenétre propagation se ferait dens l'‘air. 

de protection en alumine. 





La conductibilité thermique de l'alumine, qui est sensiblement la méme que celle de l'acier, 
permet de propager les calories apportées par le gaz chaud extérieur sans que la température & 1'in- 
térieur de l'antenne ne dépasse les 1100 °K atteints dans les autres parties de la structure, 


Gr&ce & cet &chauffement lipité, les facteurs de pertes diélectriques et ohmiques restent 
& un niveau faible, de l'ordre de 10°? pour les fréquences comprises entre 1 et 10 GEz. 


Les dimensions réduites de l'ouverture rayonnante permettent de simplifier 1'étude théo~ 
rique du rayonnement au travers de la couche de plasma inhomogéne enveloppant la pointe. En effet, 
cette ouverture impose une répartition unique du champ dans le plan de s€paration situ& entre le 
Cavité d'excitation et l'espace extérieur, de sorte que la matrice traduisant Je couplage entre 
les modes Glectromagnétiques intérieurs et extérieurs &@ l'antenne est réduite a un seul terme. 


IV = LES DISPOSITIFS D' ADAPTATION 


Pour les besoins de l'expSrience Electre, 11 6tait n&cessaire de contréler en vol avec 
précision les variations d'impSdance des aiitennes, et de relier ces variations aux propriétés 
physiques du plasma. Ces mesures imposaient une adaptation d'imp&dance particuli@rement soignée 
en régime de rayonnement libre. 


IVwl,=- Adaptation dans les bandes 8 et C (fig. 3). 


La transition guide d’onde coaxiale en alumine C peut Stre déplac&e en translation 
sur l'ouverture d'entr6ée de la cavité d'excitation B par action sur les vis poussoirs H. Cette 
translation agit sur le couplage entre les 616ments B et C. 


Un iris de couplage I obtenu par d&p8t m&tallique obstruant partiellement 1 ouverture 
Gtentr6e de la cavité B permet d'ajuster l1'impSdance réactive du couplage. 


IVq2.— Adaptation en bande X (fig. 4). 


Dans cette gamme de fréquence, les guides d'onde en alumine présentent des dimensions trds 
petites qui rendent difficile 1a réalisation d'un couplage précis entre le transition guide d'onde 
coaxial et la cavité d'excitation; c'est pourquoi on s remplacé l'alumine de ls transition E par 
du fluorbearing, dont la constante diélectrique relative est 3. 


le fluorbearing présente des propriétés Glectriques semblables & calles du tétrafluoro- 
Sthyline dont 1] est dérivé, mais ses caractéristiques mécaniques et thermiques sont nettenent 
anflior$es ; en particulier, le faible coefficient de dilatation thermique permet d'éviter le 
a a ltintérieuwr d'un montage métallique tel qu'un guide d'onde, malgré un 6chauffement impor 
ant. 
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La transition guide d'onde-coaxial est coupl&e &@ la cavité d'excitation en alumine B au 
moyen d'une seconde cavit6é en alumine C de trés petites dimensions, insérée dans le remplissage en 
fluorvearing et appliquée contre la cavit& d'excitation. 


La cavité C est dimensionnfée avec précision apras plusieurs essais successifs pour 
réaliser l'accord 6lectrique de l'antenne. 






Ae Fenétre en alumine 


B - Guide d‘onde d’excitation 
en alumine 


A + Fenétre en alumine 
B . Guide d'onde d‘excitation 







i SS en olumine : : 
WN C - Guide d’onde de transition C + Pavé d'aceord en clumine \ 
\ an alumine & « Couronne en hostefion 
N D.« Embase cooxiele E « Guide d’onde de tronsition : 

N modéle R.1.M, en hostoflon } 

{ 





F . Fente rayonnante 

G - Antenne de couplage 

H « Embase cooxiale R.I.M. 
1 « Peau de I'engin, 


E « Antenne de couplage 
F . Fente rayonnante 
G - Peau de Iengin 


H . Vis de réglage permet. 
tant de déplacer C 


1 + Iris de couplage. 
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Fig. 3 - Schéma des antennes en bande S et C. Pig. 4 - Schéma des antennes en bande X. 


V = PERFORMANCES 


Les principales caractéristiques 6lectriques et mécaniques des antennes sont rassemblées 
sur la tableau I. 


TABLEAU I ~ Performances obtenues 


eaters eee ves) Tie |e | 


7.0.8. & froid 
62 x 64 x 35 57 x 64 x bh 
aarnnenncam f= | 


Les pertes radio€lectriques ont &t6 Evalufes & partir des résultats de mesures faites en 
vol avant la phase d'&chauffement cinétique. En effet, du fait de le grande ouverture des diagrammes 
ae rayonnement, ces mesures ne pouvaient Stre faites que dans un environnement totalement exempt de 
réflexions parasites. 























Dinensions (om?) 





Les essais thermiques ont 6t& réalisés dens une tuyare de stator$acteur programme de ' 
fagon & reproduire les 6chauffements subis par un engin hypersonique, d'abord pendant la sortie, puis i 

pendant le rentrée dans l'atmosphare & une vitesse dSpassant Mach 15, Ces essais ont permis de cons- 
tater que, pendant la période la plus intense de 1'échauffement, le fenétre en alumine protégeant 
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l'antenne prend une forme bombée vers ltextérieur, correspondant &@ un déplacement de 0,02 mn. 

Le petit espace vide apparaissant de ce fait entre 1'iris rayonnent et la fenStre de protection 
suffisait pour provoquer un désaccord électrique notable sur l'antenne. Ce défaut a pu Stre en partie 
corrigé au moyen d'un montage permettant de compenser les déformations m&ceniques et d'assurer un 
contact permanent des surfaces entre elles. De cette fagon, les taux d'ondes stationnaires mesurés 
aur les prises d'entrée des antennes dans les bandes 8, C et X restaient inférieurs & 2 pendant les 
phases d'&chauffement décrites préc&demment. Les essais en vol ont confirm& largement ces résultats 
puisque les antennes embarquSes fonctionnaient encore parfaitement en dessous de l'altitude 20 km, i 
c'est-&-dire au dela de la durée exigSe pour la réalisation du programme scientifique. 






VI = REALISATION D'UN RAYONNEMENT OMNIDIRECTIONNEL 


La forme exacte du diagramme de rayonnement d'une antenne encastr&e dépend dans une large 
mesure de la forme et des dimensions extérieures de la structure qui la supporte. Toutefois, il 
apparaft que dens tous les cas cla surface en question est plane ou convexe, le rayonnement couvre ; 
une ouverture angulaire de 21 stéradiaus & - 10 dB. Cette propriété a &t& mise a profit pour i 
réaliser wm rayonnement omidirectionnel & partir de deux 61&ments seulement, disposés sur une ! 
surface cylindrique et orient&s dens des directions diam&tralement opposées [ 2 ]. ‘ 


Une disposition du méme type a permis de rfaliser une liaison de télémesure en bande S 
entre la pointe Electre et le sol. Cette liaison &tait tras peu affect&e par les trous de champ qui, 
par ailleurs, sont inévitables mais qui, dans le cas présent, &taient réduits au minimum. | 


VII ~ CONCLUSION 


Un nombre important d'antennes construites selon le mod@le décrit ci-dessus ont équipé 
deux pointes scientifiques de l'opération Blectre. La premi@re a &té& lanc&e le 23 février 1971, la 
seconde le 12 mars 1972. 


engin balistique, ont prouvé lee aptitudes des antennes en question tant pour fonctionner @ bord 


i 
| 
Ces deux vols, exécutés dans les conditions exactes de la rentrée dans l'atmosphére d'un 
| 
d'un véhicule hypersonique que pour réaliser un rayonnement omnidirectionnel de bonne qualité. 
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THE DESIGN OF WIDE BAND NOTCH AERIALS AND SOME APPLICATIONS TO AVIONICS 
George Bagley 
Royal Airoraft Establishment 


Farnborough, Hampshire 
United Kingdon 


SUNMARY 


This paper describes the experimental results obtained from notches of a variety of 
rectangular shapes cut in semi-infinite metal sections, and illustrates the various combinations of 
centre frequency and impedance bandwidth which can be obtained from a notch of fixed physical length. 
The results relate to a notch used in the self resonant mode, without any additional lumped reactance. 
The variables investigated (for a fixed length notch) are notch width, thickness of the section, and 
feed point position. It is possible to drive the notoh either as a narrow band quarter wave radiator, 
or as a half wave radiator with a frequency bandwidth of 2.0:1. Several possible applications are 
discussed, including an omni-azimthal horizontally polarised radiator with a band width of 3.0:1. 


1. INTRODUCTION 


Much of the previous work on the notch aerial has been confined to its application to 
specific problems. In the present sase the properties of the notch were studied in general terms, and 
the information contained in this paper presents the results obtained at RAE by varying notch width, 
notch depth, and feed point position as defined in Figure 1. 


2. EXPERIMENTAL NOTCH 


Figure 1 shows the construction of the notch. Three pairs of rectangular metal boxes 
were made, with depths of 10cm, 7-5cem and 5om. Each pair was bolted to the base through longitudinal 
slots allowing adjustment of notch width between zero and 10cm. The notch was fed by a 50 coaxial 
feeder, the outer of the feeder bonded to one face of the notch, and the inner conductor continued 
across the notch and connected to the opposite face. Each face of the notch carried a series of 
attachment points along its length at 2.50om intervals, permitting stepped adjustment of the feed 
point along the rctch. 


3. EXPERIMENTAL NOTCH RESULTS 


Figure 2 contains curves of voltage standing wave ratio (VSWR) versus frequency for 
combinations of a range of values of notch width, notch depth, and feed point position. Each block 
shows VSWR: frequency curves for fixed values of both notch width and notch depth, and six values of 
feed point position. 


The effect of variation of notch width can be seen by examination of any set of curves | 

on the same horizontal line, and that due to notch depth by comparison of similar values of feed 

point position in the same vertical colum. Figure 3 is an enlargement of one block of Figure 2, 

and shows the effect of variation of feed point position on the VSWR: frequency characteristic. The 

generally acceptea theory of a self resonant notch is that it can be considered as a lossy short 

circuited quarter wavelength transmission line. The impedance across the open end is a high 

resistive value, and is zero at the short circuit end. Therefore, by placing the feed point near 

the short circuit end of the notch, it should be possible to match into a 50 ohm feeder. The notch 

used in these expeximents was quarter wavelength long at about 165 MHz. Referring to Figure 3, 

the topmost curve in the block is for a feed point 12.5 om from the short circuit end of the notch, 

it is resonant at 165 MHz and the bandwidth is small. As the feed point is moved toward the open 

end of the notch, the bandwidth increases, but the operating frequency also shifts upwards such that 

in the maximum bandwidth position the centre frequency is of the order of 270=300 MHz, and the 

simple quarter wave resonance theory applies no longer. 
| 
| 
i 


The diagrams cf Figures 2 and 3 show a broken horizontal line representing a VSWR of 
2.51, this being taken as a reasonable maximum value, and the block in Figure 2 for a 5om wide, 5om 
deep notch shcwe an acceptable VSWR from 200 to 390 NHz with the feed point 32.50m from the short 
circuit end. Thesa physical dimensions appear tc be optimum, within the limits of the results 
displayed in Figure 2. One point of interest is that the characteristic impedance of this partioular 
notch which is square in oross section (5cm x 5cm), viewed as m parallel plate transmission line is 
approximately that of free space, — 120 ff ohms. 


4. NOTCH APPLICATIONS 


One feature of the notch is that it can be built into non=structural parte of an aircraft 
to produce a dragless aerial, and the wide band characteristica which are now possible may make it 
more attractive to system decigners. Among the probleme of engineering a notch into an airoraft 
structure is the effect upon the impedance characteristic of radoma material, and the geometry of the 
aerofoil section in which it is installed. If the characteristic impedance of the notch is main= 
tained at 120 0, and ite velocity ratio at 1.0, as far as possible, the engineered version is mich 
more likely to attain the performance of the laboratory model. This point is illustrated in 
Figure 4.2. The aerofoil notch of Figure 4.2 has several disadvantages, because the cross section 
changes the characteristic impedance of the notch changes along ite length. Furthernore, the dielectric 
cover for such a notch is in close contact with the edges, and will further affect the characteristic 
impedance and eloctrical length. The layout in Figure 4.1 is to be preferred. In this case the 
characteristic impedance is maintained constant throughout the length of the notch, and the notch is 


i 
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faired back to the aerofoil in such a manner as to have a minimal effect upon the parallel plate notch 
‘ section. The dielectric cover is removed from the immediate vicinity of the notch, and will have only 
; a very minor effect upon it electrically. 


There could be some advantage is siting components of the associated system adjacent +o i 
the notch, and comprising for example the transmitter power amplifier, and those parts of a receiver 
up to and including the mixer. 


Pigure 5 illustrates a model built at RAE in an attempt to produce horizontally polarised 
radiation over a wide band, and over a complete azimth. The basis of the design is an tideal notch!’ 
scaled from the data given in Figure 2, cut in a metal disc. The axial tube is to provide a method of 
mounting. Detailed layout is given in Figure 6. The notch is fed two thirds of its length from the 
: short circuit end. The triangular plate feed across the notch is an attempt to reduce the series 
ol inductance of the feed. Standing wave ratio measurements were carried out in the laboratory with the 
q — disc well olear of reflecting objects, and also with the disc mounted 15 and 20cm above a ground plane. 
: The results are given in Figure 7. The solid curve was obtained with the aerial free standing. 

Points are also shown with the aerial mounted above a ground plane, and indicate that the proximity 
of the ground plane has only a slight effect upon the aerial impedance. 





Figures 8, 9 and 10 show the field strength polar pattern in the plane of the disc for 
several frequencies. In each diagram there are two dips symmetrically disposed on the opposite side 
to the notch. This is to be expected, since it is only in this region that currents generated from 

: the notch travelling in opposite directions round the edge of the disc are comparable in amplitude 
a. : at any given point. In these diagrams ‘horizontal polarisation’ is polarised along a tangent to the 
disc. The ‘vertical polarisation' recorded is certainly spurious, and should be disregarded. Through= 
out the frequency band thore is good all round cover, horizontally polarised, with narrow 10=—15dB dips 
at the rear. 


F If two discs are stacked on the same axis with a small angle between the two notches the 
aN depth of the dips is greatly reduced. 


7 - 5. CONCLUSION 


For a given set of notch dimensions it is possible to obtain bandwidths of 2.0:1 froma 
notch in a semieinfinite section. If bandwidth is not a primary consideration it is possible to shift 
the operating frequency of the notch by moving the feed point alone. From a similarly proportioned 
notch in a metal disc, a bandwidth of 3.0:1 may be obtained. 


REFERENCES 


; r 1. G BAGLEY and J WHARF "Interim Report on the Wideband Notch Aerial" 1965 
7 - 2. GBAGLEY ‘The Disc Aerial 1970 





Fo EE EE TE EE TMT EY LMT AREY TE PT 8 PT OL ICR FE AE EET prt 





Fae TE SE ee OEE OS LEE LV eee oo 8 RAS IS TY FRIES I TTT a0 
& TENT ESTE 


/ DEPTH p’ 
REMOVABLE 7 


Ova 
nee eee SECTION 


FEED POINT 
DISTANCE 'C 


1-35" 





Bm 


Fig.1 Experimental notch 








28-4 


SOAS UMSA 781A 


SECEESEISECSceiseeesy 
ay 


EEE EEE 
Ee eer 


feel. 
EE DEE 
eeu TT 
es 
ete 
Wdeg 
SRE 


Era ae) ea ee FE IEE 
ee pte tN eee ae 
. eee HEE eM Ha 
eed Pte ee 
EEE CA EEE PREECE 
Re ee ee Wee ees 


WOT wo S°L wm 0O°S 





HEP ee] EER RGt 
a Hpk Etat PAR] Pt 
ay eat aa Paes See 
ee ee ee poe a2 ibe 
ie 
a 








te he ye ee od ah a oiled 








errs e QTE FETS I FF LER EE Te ee eyes ye Seren FT TY 
SPEEA PERE RTA PTET NTE, USER ETD PTET TS 8 EMM TILE ERTS AT ETT TREE ITT PN STS Qu SET TUNE i. ¥ 1 
PTET SET SRT anes a0 aii Tarver ’ 


28-5 


| FEED 
. VSWR POINT 
“4 | cus 


Mop 
Re 





12.5 





1705 





2205 


2765 


32 05 


3705 


Prequency MHz. 


Fig.3 Enlarged block from Figure 2 
AScms BScms_ C as shown 





RC see a SN TS ge ge Tee ge he get eg OTE ae ee GRE Ck a gk De eee co, we, Ree = 





SN PO Oe ee Eee er. eh a ee eee ae WS Nal eae, Se vm We SE ee gg a ae eee eS ne at MeN Cie Ry el ey eee emer ne eR aN e Pe ee ne ye ae ee Row arenes ae 





Oe 28-6 











~ 
S 






x eee 
: 4.1 Parallel p!ate notch in an aerofoil } 
: 1 


4.2 Aerofoil notch 


Fig.4 Notches in aerofoils 





SOREL RIOR TEE ET NYT YELLE ETT PPE ETS 2 REDE MTV NCTE EV CEE TE LO LW TEE EER a TORRE RTS eee 


28-7 


Dise constructed 
in 24 swq tinned 
steel 


30em 
715 em 


4cm_ dia brass tube 
support 


Fig.5 Disc aerial 


nner concuctor of BNC 
soldered to triangle, which 
is securely bonded to 
opposite side of notch 


RF feed 
BNC bulkhead socket 


\ AXA . 
VY, 


30cm 


Fig.6 Notch details 


L4cem 





thickness 
}+—_—__+ 


4em disc 





ie, rede medbete kee J 6 Me be At a an aa att el iN att 


— SR ORES EEE ETE eT FESS CPE RTL TR TELS BFE LORELEI TE IEG I CET YE EI EE EL Oe EET ITT TE RT eT eR » 
PINOT TRF sm oF aPE SATIS TER TRE TR aa? vy WE ree 


28-8 










2-0 ie y 
2 3 4 5 6 7 8 9 10 


MHz x 100 


wt 
o 


—— ~~ Dise free of reflections 
x  ¥* * x Dise mounted 20cm above ground plane 
6 © 6 6 Disc mounted 15 cm above ground plane 


Fig.7 VSWR: frequency 200 MHz—1000 MHz 


Horizontal 
polarisation 


Fig.8 Azimuth plane pattern 250 MHz 


3 4 
t 
& é Spiaenint: 2 co titties ios att et al Se te aed AN ete ert she le pn ethie ding aaa 


IB eE So REP dee Gee eee eG. ho SES EE EE Le Rg ON, eee ee Ne ETE Ree Se RS ce ep LEE QOL aE My ae ree RG Ng eee Nee SEF EL Oe ae ny eT ANT, SE ETS eS ER ENS ee Rg A, ea Re Loe eS ea) ap ge te wet 


28-9 


Notch 







\S Vertical 
polarisation Horizontal 
polarisation 


aS eae i ak a a a ae Rie a a ae ae ad ac ia a ae Se a ea ee ae ak 


Fig.9 Azimuth plane pattern 550 MHz 


Vertical 
polorisati 








29-1 


CUAL FREQUENCY DICHROIC FEED PERFORMANCE 
by 


D. A. Bathker 
Jet Propulsion Laboratory 
California Institute of Technology 
_ 4800 Oak Grove Drive 
Pasadena, Californie 91103 
U 


SUMMARY 


The NASA Deep Space Net (DSN), under system management and technical direction of JPL, in support of the 
Viking Mars Project in 1976, and for science and technology demonstrations during the Mariner-Venus- 
Mercury mission in 1974, has developed and implemented a dual (S- and X-band) feed for large ground 
microwave antennas. This feed provides for a multiplicity of functions; very low noise listening cap- 
ability at each downlink (spacecraft-to-earth) band as well as simultaneous diplexed very high cw power 
uplink (earths toccpacacrart) at the S-band frequency. 


This paper will stress total 64-m antenna system performance, in terms of gain, operating noise temper- 
ature and dual beam pointing or boresight coincidence. Because of the unique ability to fold or stow the 
dual band feed elements for single band operations, the performance definition between single and dual 
band operations will be reliable and accurate. 


1. INTRODUCTION 


In order to support both science and technology demonstration objectives, the United States Mariner-Venus- 
Mercury spacecraft, to flyby both Venus and Mercury in early 1974, carries both S- and X-band radio trans- 
mitters. Each spacecraft transmitter is coherent with the other and both transpond coherently given an 
earth-based S-band uplink. The ground antenna must therefore provide both S- and X-band downlink re- 
ception as well as simultaneous (diplexed) S-band uplink transmission. 


The ground antenna dual band feed development and performance to be discussed here is a key item in the 
Mariner mission. Performance degradations of only a few percent in the receive gain to noise temperature 
ratio (G/T) would severely impact the overall telemetry capacity by requiring selection, by discrete step, 
of a reduced data rate. Further, the primary mission objectives are achievable using S-band only; X-band 
is a science and technology experiment in the 1974 context. A significant S-band performance degradation 
could not be tolerated, even at expense of limiting the X-band experiments. 


The NASA/JPL 64-m dual band ground antenna feed development objectives were therefore to provide unaltered 
S-band low noise high efficiency reception (20K and 60% class) as well as not impact the very high cw 
power uplink (400 kW). A further goal of optimizing X-band reception was considered necessary since, 
following the 1974 demonstrations, follow on use of X-band provides the basis for accurate navigation and 
attractive high data rate links. It would be uneconomic to invest in technology not able to support those 
future objectives. 


2. TRICONE 


Prior to discussing the dual frequency feed it is necessary to review the NASA/JPL 64-m ground antenna 
TRICONE feed system (Stelzried, 1967). This system provides 5 selectable, single band feeds, housed with- 
in 3 Cassegrain feedcones (Fig. 1). Only one feed is functional, in the correct Cassegrain focus and 
total antenna boresight sense, at a given time. It should be recognized the functional feed operates 
without degradation to total antenna system pointing or G/T performance. Although defocussed feeds have 
been employed as simultaneous squinted beams useful for background radiometry during mission directed 
S-band spacecraft tracking, they are not normally active. The functional feed fs selected by votating the 
asymmetric subreflector about an axis coincident with the boresight axis. The vertex of the subreflector, 
which is offset from the boresight axis thus describes a circle with a corresponding rotation of the 
Cassegrain focus (Fig. 2). Precision indexing allows the rotation to stop such that each feed, in turn, 
is perfectly boresighted. Finally, the TRICONE also houses, in addition to S-, X- and K-band front ends 
(masers, converters, and calibration equipments), three very high cw power transmitters, Complete 
descriptions, including operating performance, are available (Reid, 1972, 1973). 


3. DICHROIC FEED CONCEPT 


Approaches were sought to fulfill the dual band feed development objectives previously stated. Few, if 
any, approaches were found which, a priori, guaranteed the primary performance requirements. Furthermore, 
most known dual band feed methods suffered in the sense that secondary performance indices suck as lack of 
arc susceptibility, lack of use of dielectric support and other transmitter power or recefyer location 
considerations were not satisfied. 
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Figure Mo. 1 NASA/JPL 64-m Ground Antenna With Tricone Feeds 





Figure No. 2 Detail of Tricone Feeds for S-, X~ and K-Bands 


The Reflex-Dichroic concept (Bathker, 1972) evolved around the recognition that a dichroic filter 

(transparent to short wavelengths but opaque to longer wavelengths) could probably be achieved with little \ 
impact, in the dissipation sense, to energy at either wavelength. This is so because a dichroic filter 
having the stated high/low, pass/reflect function is physically realizable in an all metallic structure, 

A second reflector, ellipsoidal in section, would be et to guide and refocus the longer wavelength, 

in order that the total system be compatible with use of existing but separate S- and X-band TRICONE 

feedcones (Fig. 3). Thus, an arrangement appeared conceptually possible which was a1] Cassegrain, with 

attendant potential of ultra low noise performance. As shown tn Fig. 3, few if any questions el 

high power handling capacity are unanswered. Preliminary estimates, with consfderation for the specific 

geometry employed, showed 2-m diameter reflectors were required and mechanical feasibility was rapidly 

established (Katow, 1971). , 


3.1 S-Band Design 


Detailed RF optics design was complicated both by the asymmetric geometry and by the near range of both 
reflectors (Fig. 4). Previous work by Ludwig (Ludwig, 1969) provided the analytical basis with which, on 
an iterative basis, the S-band radiation emanating from Fs was, in large, duplicated with reference to 
Fs'. Because of the geometry and generous size of the dichroic reflector {t was found the radiation from 
Fs' was nearly perfectly duplicated with reference to Fx. It should be appreciated both Fs and Fs' 
would, in the zero wavelength limit, be foc! of ai ellipse. Also shown in rg: 4 are fa, fb, the geo- 
metric foci of the required ellipse, as modified by the near field behavior of this system, as determined 
by the near field asymmetric scattering iterations mentioned above. 
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Figure No. 4 Detail of Reflex-Dichroic RF Ovcics 


Because of the asymmetric geometry necessarfly employed, the S-band reflex feed patterns do not exhibit 
the high level of s try as the corrugated eye feechorn taken alone. Spherical wave techniques 
were used atuee a 970; Potter, 1967; Ludwig, 1971) as well as a new computer program (Potter, 1972), to 
predict overall S-band performance. Because this feed design was based on ® series of computer programs, 
1t was considered necessary to experimentally check the predictions, A 1/7 scale model program (Fig. 5) 
produced measured patterns, in both polarizations, essentially identical to those shown in Fig. 6. Also 
shown in Fig. 6 are the predicted scattered patterns of both the horn-ellipsoidal reflector, referenced 
es i ” horn-ellipsotd and a flat plate (simulating an opaque dichroic filter) taken together, 
referenced to Fx. 


Table 1 summarizes the predicted gain performance of the S-band reflex feed and compares that with pre- 
vious TRICONE performance, itself a slightly asymnetric system. Table 1 illustrates the familiar trade- 
off in forward spillover and amplitude i]lumination loss, which is a function of feedhorn gain. In this 
case, the reduced forward spillover is a result of slightly higher gain for the horn/ellipsoid/flat plate 
patterns than for the horn alone. Additional design iterations with ellipsoid shape would have produced 
Ydentical gains but were not considered necessary. Table 1 also shows the major penalty of as tric 
systems; radiated energy not contributing to forward antenna gain (M#1) and resultant cross polartzation. 
In summary, the reflex system was expected to degrade S-band gain performance less than 0.06 d8, and 
negligibly impact the S-band noise temperature. 














Figure No. 5 Scale Model Reflex-Dichrotc Anechoic Chamber Test 
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Figure No. 6 Calculated and Measured Model Low Band Patterns 


TABLE 1 


PREDICTED S-BAND GAIN PERFORMANCE 
TRICONE AND REFLEX-TRICONE FEEDS 
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3.2 X-Band Design 


Preliminary dichroic filter designs were based on discussions with and previous work by individuals at 
Ohio State University. That work was extended for circular polerization (Woo, 1971), These filters were 
physically ultra thin (0.4 mm), perforated with an array of reactively loaded close spaced slots. For 
this application the original filters were found inadequate {n the dissipation joss sense, providing 

0.3 d8 toss at X-band for aluminum construction. 0.3 dB of ambient temperature cissfpation, when added 
ahead of a 21K total operating noise temperature receive system results in a G/T degradation of 3 dB due 
to doubling the temperature tern. : 


Intermediate filter designs increased bandwidth with attendant lower dissipation losses .2-4K) and thicker 
construction (3 mn). These intermediate designs also suffered from mechanical tolerance sensitivity 
problems as well as probable severe degradation due to paint, dirt and water droplet accumulation. 
Finally, due to the aspect ratio (3 mm thick, 1 m diameter), and the geometrical constraints, 2 difficult 
thermal distortion problem was identified. When illuminated with 400 kW S-band, with a beam diameter of 
approximately 40 cm, the thin filters invariably heated and became bowed, relative to S-band flatness 
requirements. 


An excellent alternative to the thin thermal dependent type dichroic filters was proposed and developed 
by Potter (Potter, 1973). The solution was to obtain resonance by the simple means of a hal fwave thick 
array of dominant mode cylindrical waveguide apertures. At X-band this construction is 3.6 om thick with 
a calculated dissipation loss of 0.012 dB using aluminum (Fig. 7). Measurements proved an operating 
system noise temperature increase of 1.2K (0.02 dB), due to dissipation, with virtually no X-band pattern 
Sec Bandwidth is approximately 100 MHz for the specific tilt angle and horn beamwidth (angular 
scan) employed. 
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Figure No. 7 Halfwave Thick Dichroic Filter 


Because the geometry shown in Fig. 4 tilts the dichroic filter at 30 degrees off normal to the X-band horn 
boresight, the E- and H-plane dichroic resonant frequencies are slightly split. Use of circular polar- 
ization results in different transmission phase shifts for orthogonal waves traversing the filter. The 
differential phase shift results in an on-axis X-band ellipticity of 1.8 dB which, accepting a perfectly 
circularly polarized antenna at the other end of a link, produces an additional 6.04 dB transmission loss. 
Another result of differential resonant frequencies for the tilted array is an approximate -18 dB 
reflection. This has two effects; an additional 9.04 dB reflection loss, and a slowly varying noise 
temperature term for the complete anténna, due to scatter, which is a function of elevation angle. The 
magnitude of this additional noise is 0.4 to 1.2K. 


The total gain degradation at X-band is therefore 0.10 dB for a link employing circular polarization. The 
total noise temperature degradation is 1.6 to 2.4K. Accepting 2.0K as an average, and referenced to a 
base operating noise temperature of 21K, 0.4 dB is lost to noise, for a total G/T reduction of 0.5 dB. 
Prospects for largely eliminating the reflection and elliptical polarization loss appear bright. If 
accomplished, the overall degradation at X-band due to this technique appears limitea at 0.02 dB gain and 
0.25 d8& temperature, for aluminum construction and a 21K base system temperature. 


4, FULL SCALE REFLEX FEED MEASUREMENTS 


A feature deemed necessary, at least for the prototype full scale feed, was mechanisms to allow rapid 
retraction or stowage of both dual band feed reflectors. By these means the rather smal? G/T degradations 
predicted could be accurately and reliably verified using radio star techniques. A further use of the 
mechanism on the ellipsoidal reflector is to permit precision closed loop S-band polarimetry previously 
employed (Stelzried, 1970). In this S-band only mode, full advantage of a very accurate polarimeter 

would not be compromised by increased cross polarization. A final use of the mechanism on the dichroic 
reflector is to allow a clear field of view for the K-band feed. Figure 8 shows a model TRICONE demon- 
strating the reflex dichroic feed elements extended and retracted. 
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x Figure No. 8 Reflex Dichroic Feed Elements Extended and Retracted 


64-m antenna tests were conducted to include differential measures of the all important G/T at both bands, 
boresight coincidence or beam coaxiality, and high power transmissfon, at frequencies of 2.295, 8.415 and 
2.115 GHz, respectively. Table 2 summarizes the measured performance of the full scale prototype dual 
band feed as installed at Goi¢stone, California, January 1973. 


In Table 2 it is seen the measured S-band gain performance indicates improved performance (+0.01 dB), 

when pointing on the S-band beam peak. When allowance for 0.04 dB pointing loss is made, (discussed 

P : belcw) the S-band gain performance difference between reflex and non-reflex modes is difficult to dis- 

- tinguish (0,03 dB). Because of the reduced forward spillover and the TRICONE geometry, the S-band noise 

. temperature performance is seen improved in Table 2. Most of this improvement is due to relative feedcone 
positions upon the TRICONE with respec’ to the ground, however, and is not attributed to the new feed. 
This 1s su because the S-band radiation, in the reflex mode, effectively emanates from Fx rather than Fs 
(Fig. 4). The X-band measured performance is in perfect agreement with predictions. The standard de- 
viations in the gain difference determinations are approximately 0.02 dB and 0.10 dB, for S- and X-bands 
respectively. No deleterious thermal effects are observed with use of full uplink power. 


TABLE 2 
PREDICTED AND MEASURED PERFORMANCE SUMMARY 


KEFLEX DICHROIC FEED 
PREDICTED 


-0.055 dB 
None 





MEASURED 


-0.03 dB 


None 
2.0K 


















Measurement includes 0.045 dB Pointing Loss 


Above 30 Degrees Elevation oa 
Improvement Below 30 Degrees Elevation Angle 


S-Band Gain 
S-Band Temperature 


















X-Band Gain -0.10 dB Circular Polarization 
-0.06 dB -0,06 dB Random Polarization 
X-Band Temperature +1.6 to 2.4K +1.5 to 2.3K 





Uplink cw Power None None 





Figure 9 fs a view, facing the parabolic reflector, relative to local vertical, of the RF beam positions 

in space. Four beams are shown; the singular S- and X-band non-reflex beams (subreflector individual) 

focussed and dual band reflectors stowed) and the simultaneous reflex beams (subreflector focussed to i 

and dual band reflectors functional). Several observations are worthwhile noting. The singular S- and { 
X-band beams are offset 0.003 degree, typical of our experience with attained accuracy {n feedhorn place- 

ment within the feedcones (+6 mm) and TRICONE subreflector repeatability. Use of the dichroic reflector 

produces the noticeably lower X-band reflex beam (0.011 degree), This results from refraction through 

the relatively thick dichrofc plate. The 30-60 degree characteristic seen in Fig. 9 is traceable to the 

TRICONE geometry (Fg. 8) with respect to local vertical. Upon first installation, the S-band reflex bean 

was found displaced 0.009 degree to the right of the non-reflex beam. This effect results from use of 

; circular polarization in the presence of asymmetric geometry induced cross polarization mentioned above, i 
: Although not verified, it is predicted use of the opposite hand circular polarization would produce an 
S-band reflex beam peak displaced an equal amount to the left of the non-reflex beam. | 


a 
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Minor mechanical shimming subsequently moved the S-band reflex beam into the most advantageous location 

relative to the X-band reflex beam, as seen in Fig. 9, for the obvious reason of minimizing gain loss due 

to pointing. As shown in Fig. 9, when tracking on the X-band reflex beam peak, a gain loss of 0.045 dB is 

incurred at S-band. Within the limits imposed by the aforementioned S-band cross polarization induced | 
beamshift, the present simple modification to the original mechanically determined alignment is the best 
possible in order to provide for future S-band polarization diversity in the reflex mode. The reason for 

the alignment modification was entirely traceable to the X-band refraction through the dichroic plate. 





L Sil DSS 14 RF BEAM POSITIONS 





0 05 dB S-BAND 
CONTOURS 


22% AND 8415 mHz 


aa : SCALE .001° x 0.001° : 
; . CONTOURS 
; TEST ACCURACY, lo 
4 1-30-73 ‘ 
OAS 


Figure No. 9 RF Beam Positions; Reflex Dichroic Elements Extended and Retracted 


Figure 10 shows a simultaneous radio star drift scan using high resolution S- and X-band Noise adding 
a radiometers (Batelaan, 1970) as recorded on a 2 pen recorder. The high degree of coaxiality between the 
q : reflex beams is obvious. The expected half power beamwidths at each band is further verification of 
Y a proper performance. Finally, Fig. 11 provides a view of the full scale reflex-dichroic feed installed and 
ies a" in the extended functional position on the NASA/JPL 64-m antenna at Goldstone, Californta 
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Figure No. 11 Full Scale Reflex Dichroic Feed Functional on 64-m Antenna 
5. SUMMARY AND CONCLUSIONS 


A dual band feed suitable for large ground microwave antennas has been described. In contrast with some 
solutions to the difficult problem of dual band feeding reflector antennas, the implementation described 
ane high By pertormance at both bands as well as not degrading very high cw power transmission at the 
onger wavelength. 


Conceptually, the approach centers on an all-Cassegrain arrangement and use of an all metallic dichroic 
filter. A priori estimates of performance are possible and reliable, thereby minimizing risks. Present 
performance is obtained with minimal degradations, in G/T, of substantially less than 0.1 dB (low band) 
and 0.5 dB (high band). Possible improvement in high band performance to 0.25 dB {1s considered achtev- 
able with reasonable means. 


Facility operating time and/or performance penalties are frequently experienced in providing rapid change 
or multiwavelength feeds for large ene antennas, Both radio/radar astronomy centers as well as deep 
space tracking installations share this common problem despite ever increasing technical and economic 
demands. The approaches described above (TRICONE, REFLEX DICHROIC FEED) yield significant capability and 
flexibility without undue performance penalties nor unrealistic reconfiguration times. 


The ambitious objectives of the Mariner-Venus-Mercury project primary mission and experiments will un- 
doubted)y be enhanced through use of the described additional capability. 
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by using 
s. ‘ET: Could not the ellipticity effect at x-band have been overcome 

cells SF EEE oppeection? In addition would not an all dielectric (multilayer) filter 
h@e been en advantage? 


A Ag transmission 
a HKER: We view each cell as a single pole resonant filter, capable of 

in ate a ogonal polarisation. But the second order effect of having the array of cells 
tilted at 30° to the incident wave in fact produces two resonances, closely spaced in 


fre qency. Presumably thiS is caused by the equivalent circuit elements (2 end ausceptances 
separated by a length of transmission line slightly shorter than 5/2) being different for 
various incidence angles. I believe square cross section would still produce the resonance 
splitting. Very slightly rectangular, or elliptical cells rather than square and round, 
respectively, have been tried with succesa 

The selection of an all metallic realization of the filter was based on the highe.w. 
power we simultaneously transmit, cs well as the desire to keep the insertion loss upon 
reception as low as possible for opercting noise temperature minimisation. While a 


multilayer filter may well have navensege in other systems, I believe the single pole all 
metallic version is superb for our specific system 


JeR:e MARK: The loss in gain due to cross polarisation was stated as 2001 dB & .005dB 
for S-band tricone reflex tricone feeds. What are the corresponding levels of the cross 
polar lobes? Aiso what are the cross polar lobe levels for x-band operation? 


D-eAe BATHKER: This conference further demonstr=tes the keen interest in crosa polar 
performance of late, judging from the numbers of papers either dealing with the topic or 
mentioni it, and with the many queries from the floor to various authora. 

Ignoring the well known diagonal plane cross polarization found in symmetric reflecting 
systems, we have dealt with the principal plane cross polar lobes, generated by the 
asymmetrical S-band feed. As in a hoghorn or horn reflector feed, principal plane cross 
polar lobes are generated in the mechanical symmetric plane. From calculation we obtain 
sate a poets are Peak et the main beam of the 64m. aperture. The calculation ignores 

n. e qua ee u ° estim. 
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in angles we are discussin degrees and our 
confidence in the calculation is figh. The given value is therefore considered the worst 


cross polar beam anywhere in the total pattern, using the reflex-tricone feed for the tricone 


taken alone, which is a slightl ymmetric gyste he @xvected yalue, again calculated 
ignoring the road support, ig ~28aBe In’ the methanteat syfnetets {anes’ = . 
dealt only with the axial cross polavization introduced By the dichroic fee habe wer beve 
due to different insertion Phase shifts for orthogonal polarization. The differential phase 
shift is oP Ee ime tely 6 deg. yeilding 1.802 uxtal ratio, some additional information is 
a PL Technical report 32-1526, vol. XVI1 pp. 28-38, and 32-1526, vol. XV PPe 54 
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Employment of Nearfield Cassegrain Antennas with High Efficiency and Low Sidelobes, 
taking the intelsat-Groundstations and tne German Wel tos-TeTecommnistation as Examples 





by : 
Uwe Leupelt Siemens AG, Zentrallaboratorium fiir Nachrichtentechnik, Lab 548, 
Wolfgang Rebhan D-8000 Miinchen 70, Hofmannstr. 51 : 


Summary 


A number of the large reflector antennas now employed by ground stations for satellite 
communications are constructed according to the nearfield Cassegrain technique. After 
a short description of the basic electrical principles involved as well as of the 
method of obtaining constant aperture illumination with the nearfield antenna also and 
thus optimizing efficiency by suitable shaping of the reflectors, a novel design for 
antennas of this type will be discussed. It allows the sidelobes of the vadiation 
pattern to be reduced without excessively reducing gain. A special toroidal aperture 
illumination and a favorable arrangement of the subrefiector supports are used for 
this purpose. The dimensions and design of the 28.5-m antennas already mentioned in 
connection with the Intelsat system will be discussed and the 30-m antenna now under 
construction for the German Helios telecommand station will be described as an example 
for the realization of an antenna with low sidelobes. Aft2r presenting typical electri- 
cal characteristics of the 28.5-m standard antenna we will give the radiation charac- 
teristics at higher frequencies and the cross-polarization properties with the aid of 
measured radiation patterns. Finally we will deal with prospects for possible improve- 
ments to further increase efficiency and to reduce snillover. 
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1. Electrical principles of high efficiency nearfield Cassegrain antennas j 


During the past decade a number of large Cassegrain antennas have been developed for 
satellite communications, primarily for transmitting the 4-GHz and 6-GHz frequency 
bands. Some of these antennas operate in accordance with the nearfieid technique, in 
which the subreflector is located in the nearfield of the feed. This arrangement has 
certain advantages over a Cassegrain antenna with its subreflector in the farfield of 
the feed. The main advantages are the wider bandwidth, lower spillover losses at the : 
reflector edges, the correspondingly lower sidelobes and lower noise temperature and 
last but not least the low back radiation of the antenna. The first antenna of this ‘ 
type was the 25-m antenna of the satellite ground station in Raisting erected in 1964 
(Fig. 1). It has a deep parabolic reflector with an F/D of 0.25 and a horn reflector 
feed arranged at the apex of the main reflector. An approximately plane wave propa- 
gates between the aperture of the feed and the subreflector. Therefore the subreflek- 
tor is approximately parabolic in shape. However, since the power carried by the 

primary wave is not distributed homogeneously over the cross section of the beam but 

is highly concentrated in the middle, an aperture illumination pattern tapered strongly 
toward the edges is obtained in the main reflector aperture. As we well know, the most 
uniform illumination pattern possible is desired to provide high efficiency ard the 
associated high antenna gain. Thus even at the time mentioned we tried to influence 

the aperture illumination in this sense. We had a measure of success with concentric 
rings fixed at the subreflector, which transferred more energy to the poorly illuminated 
edge zones of the main reflector, but at the same time resulted in phase errors. The 
overall efficiency of the antenna was 53 % /1./. In the years that followed the method 
of aperture field synthesis ty means of suitable shaping of both Cassegrain reflectors 
became well known, partly through the work 2f Galinde / 2_/. These principles were 
applied to the second and third nearfield Cassegrain antenna of the Raisting ground 
station, their diameter having been increased to 28.5 m, and to a similar antenna 
erected in the Netherlands, and provided an inicial increase in antenna efficiency 

to 67 % (Raisting ay and a final increase to 70 % and 72 % (for Raisting {II and 

Burum I respectively). Three conditions affect the profile of the reflectors: the 
reflection law at the subreflectcr, the same ray lengths between the primary wave 

and the antenna aperture, and the law of conservation of energy for ray beams. The 
energy law provides us with an integral equation describing the transfer of the primary 
field to the aperture field, and this integral equation can be solved directly for sume 
simple illuminations such as uniform illumination. The desired contours are then obtained 
basically by interpolation and integrating the primary field distribution determined 
experimentally. Since the reflector shaping method which we have refined for nearfieldi 
Cassegrain antenna is also of significance for the problem of sidelobe suppression, 

it is outlined below: tne primary wave which is required to be rotationally symmetri- 
cal is reflected at the subreflector roughly in accordance with the laws of optics 

and transformed to a secondary wave of certain intensity distribution according to 

the subreflector curvature. The field is intensified toward the edge zones of the main 
reflector or weakened toward the apex zone either by reducing the curvature of the 
subreflector in the edge zones or by increasing it at the center. The subreflector is 
much deeper than in the case of a paraboloid as u result of this change cf prefile. 
Since a reflector of arbitrary shape no longer has a focal point, the wave radiated 

from the subreflector is no longer spherical. The shape of the main reflector is also 
changed to compensate for resultant phase errors. Thus the depth of the main reflector 
is increased by the same amount as that of the subreflector, though the relative change 
is much less. The exact calculation makes allowance for the fact that any change in the 
profile of the main reflectur also has a certain effect on the path losses of the 
secondary wave and thus the amplitude characteristic of the aperture distribution. 
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In order to make the aperture field synthesis method even more effective, future ' 
efforts will be directed toward the improvement of the feed ot nearfield Cassegrain | 
artennas, too, to previde an approximately rotationally-symmetrical primary field 

distribution. Some of the details on the design and experimental results of the 

antennas developed by Siemens for Intelsat ground stations have already been pre- 

sented {/ 3,4,5.7. The overall efficiency of 70 to 72 % obtained by means of reflector 

shaping almost represents the theoretical optimum obtainable with antennas of this 

kind. The losses incurred are mainly due to unavoidable diffraction and shadowing 

effects. 


2. Principle of an antenna with very low sidelobes 


Along with gain, the sidelcbe envelope is another important feature of a satellite 
ground antenna, Sidelobes which are directed at "hot zones" of the neighboring area 
increase the antenna's noise temperature. Sidelobes also pick up interference from 
other radiation sources and themselves act as a source of interference to other 
communications services such as radio relay links at higher transmitting powers. Our 
nearfield Cassegrain antennas which are designed for maximum gain have very high side- 
lobe attenuation in the rear hemisphere and in the bordering solid angle ranges of the 
front hemisphere, 


In the solid angle ranges bordering onto the main lobe, ho.ever, the sidelobes are 
still relatively high as a result ot the uniform illumination which is unfavorable 

in this respect. The first attempt to reduce the sidelobes in this range was made 
with the 30-m antenna cf the German Helios telecommand station now under construction 
near Weilheim (frequency range 2.1 to 2.3 GHz). Fig. 2 shows the theoretical possibi- 
lities. Curve 1 is the sidelobe envelope curve obtained with uniform illumination. 
The slight variations are caused by the shadowing effect of the subreflector. Curve 2 
shows the envelope curve for quadratic tapered aperture distribution. he effect of 
the subreflector having been ignored. The sidelobes are greatly reduced. Curve 3, 
which is a true representation of the antenna characteristic, is obtained if allo- 
wance is mace for the influence of the subreflector. The wide humps are the side~ 
lobes of the subreflector's interference radiation pattern. The presence of the sub- 
reflector almost completely offsets the reduction of the sidelobes, and for this 
reason other illumination patterns which are otherwise very favorable (e.g. Taylor 
illumination) do not make any great improvement in this case. As theoretical investi- 
gation has shown, the real cause of the high sidelobes is the sharp fall in the field 
at the edge of the subreflector. The sidelobe envelope curve 4 in Fig. 2 is obtained, 
for example, with the aid of a similarly uniform field taper, such as that towards 
the aperture edge. Although the influence of the subreflector is still noticeable, 
improvements in the sidelobe suppression of over 20 dB are evident. The first sidelobe 
is the only one which is not reduced. However, since the first sidelobes are never in 
the horizontal plane under actual operating conditions this is of no consequence. 
Fig. 2 also shows the torus-shaped illumination associated with envelope curve 4. The 
shape of the curve obeys the function 


f(x) 1 - x7 + 2x . + Inx (1) 


where x is the radius refered tc the antenna radius. x, signifies the point of maximum 
illumination and is related to the normalized subreflevtor radius x according to the 

formula: 2 2 
2x," (a - 1)/1nK (2) 


The function is optimal in the following sense: the smoothest possible illumination 
characteristic is desired for reasons of realization and of the effect on the side- 
lobes. If the integral of the squared first derivatives of the aperture distribution 
taken across the aperture area is used to represent the degree of smoothness of the 7 
curve, a function giving the maximum aperture efficiency ig obtainable yor a given 

smoothness using the calculus of variations. This function contains & parameter which 

depends on the smoothness and which can be so determined that the curve is as smooth 

as possible. We obtain equation 1 for this parameter value. It serves as a basis for 

the design of the antenna of the Helios telecommand station. In spite of the improved 

sidelobe attenuation, the aperture efficiency of 80.5 % is markedly higher than the 

74 % for the quadratic tapered aperture distribution. 


The illumination is priduced by suitable shaping of the Cassegrain reflectors. For 
calculatior. purposes tne calculating method outlined above for the uniform illumination 
was extended in the fo.towing manner: the desired torus illumination is transformed 
return to the primary field along tre ray pathes of a reflector system computed for 
constent aperture distribution. There the measured primary field strength is divided 

hy the transformed torus distribution afterwards the fictitious primary field obtained 
in this way 1s used to calculate new reflector contours for a uniform illumination 
pattern. The torus illumination is again transferred to the primary field along the 
rays of the new reflector system a.s.o. By using this iteration process which converges 
sufficiently when certain conditions are met it is possible to determine successive 
pairs of reflector contours which rapidly approach the correct contour, Fig. 3 shows 
the exact contours with associated secondary rays and the phase and amplitude distri- 
bution in the primary field determined from experimental values. Experiments were made 
with a modell for 33 GHz to see whether the torus illumination could be realized. 

Fig. 4 shows the resvlt of testing one half of the aperture with a probe (the curve 
marked by a thick line). The outor side of the circuiar maximum falls by about 20 dB 
while the inner side falls by about 15 dB. Slight interference variations, resulting 
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primarily from the spillover of the primary wave at the edges of the subreflector, 
make the response curve somewhat uneven and may be even more troublesome in other 
measuring planes of the field. The thin curve in Fig. 4 shows the intensity of 
the primary field measured in the aperture ufter the subreflector has been removed. 
We can see clearly the way in which the spillicver fills the inner zero point of the 
torus illumination, with the result that the sidelobe level of the antenna rises, 
Further sources of interference to the aperture field are diffraction effects, re- 

flector TOT er Steer and expecially the subreflector supports, which also raise the 
sidelobe level. 


To reduce influences of the supports only two struts were used, both fixed in the 

main vertical plane of the antenna. The subreflector is tensioned perpendicular to 
this plane by means of thin ropes. The interference radiation caused by the supports 
is mainly concentrated in the plane defined by the guy ropes. Since the antenna is 
only operated at angles of elevation of over 10°, the interference due to the supports 
is greatly reduced in the horizontal plane, which is the one concerning us here. The 
interference in the plane of the supports is lower with torus illumination than with 
uniform illumination, In spite of the numerous sources of interference to the aperture 
illumination which have not yet been minimized, the maximum sidelobe level in the 
horizontal plane was shown to have decreased by approximately 5 daB throughout the 
antenna's operating elevation range when changing from uniform to torus illumination 
in experiments carried out with the 33-GHz model. The value of about 50 dB obtained 
for the sidelobe suppression is still consideratly above the theoretical maximun, 
however. The total efficiency determined experimentally is around 50 % in the case 

cf this not yet fully optimized antenna, putting it on a par with the efficiency of 
conventional parabolic antennas tapered down toward the edge of the aperture. Finally 
we would like to point out that the new principle of torus illumination is also appli- 
cable with other antennas whose apertures are partially obscured by interfering bodies. 


3. Implementation and construction of nearfield antennas 


Since satellite communicatiors commenced in the early Sixties, approximately 90 anten- 
nas for so-called standard ground stations have been put into operation or are under 
construction in accordance with the ICSC (Interim Communications Satellite Committee) 
guidelines and in the framework of the world-wide Intelsat communications system. They 
are based on the experience gained with the first experimental stations. The Casse- 
grain antenna has become almost the universal standard type. The nearfield Cassegrain 
antenna accounts for about 15 % of this group. We ourselves employ a horn reflector 
with an aperture comparable in size to the diameter of the subreflector as a nearfield 
feed. (Fig. 5). It consists of a parabolic passive reflector illuminated by a conical 
horn with a circular cross-section. The apex of the horn and the focus of the passive 
reflector coincide; the axis of the horn is perpendicular to that of the paraboloid. 
The spherical wave from the horn is transformed to a plane wave. The energy radiated 
by the horn reflector remains concentrated in an approximately parallel ray beam over 
a wide frequency range in the nearfield. The performance of the antenna which to a 
large degree observes laws of geometrical optics is of decisive importance for the 
extremely broadband nature of the system. 


This feed is so incorporated that the horn axis lies in the elevation axis and an RF 
rotary joint near the horn apex allows the equipment to be connected to be set up 
without regard to the antenna's elevation movements. A completely stationary equipment 
room is also made possible by bending the conical horn section dowrwards with the aid 
of an additional plane reflector and feeding the apex of tne horn into a second RF 
rotary joint in the azimuth axis via a slightly curved circular waveguide (Raisting 2). 
The flare angle and length of this type of feed is adaptable within wide limits to the 
mechanical design of the antennas. 


The standard antennas which we have designed up till now have a main reflector resemb- 
ling a paraboloid with a diameter of 28.5 m and a depth-tco-diameter ratio of approxi- 
mately 0.26. The rms value of the main reflector profile is about 1 mm, and the ratio 
of the diameter of the subreflector to that of the main reflector is about 0.09. The 
subreflector is held in the plane of the main reflector by 4 short metal supports, 
oval in cross-section. Rear-heating protects the reflectors against the effects of 

the weather, while a dielectric window in the conical section of the feed prevents 
damp from penetrating. The reflectors are given a coating of lacquer which diffuses 
the energy it reflects so that they do not beccine warm on one side only. 


The mechanical design of these antenna: varies. The Raisting 2 ard 3 antennas, for 
example, are so-called king-post systems, whereas the Raisting 1 and Burum 1 
(Netherlands) models are wheel and track stations. 


The nearfield Cassegrain method is also being used for the German Helios telecommand 

station now under construction. The station beeing built under the management of the 

DFVLR (Deutsche Forschungs- und Versuchsanstalt fil Luft- und Raumfahrt). The Krupp 

company is responsible for the mechanical design and construction of the antenna. 

Fig. 6 shows a section through the wheel and track antenna which weighs 400 tons and 

employs the methods for improving sidelobe suppression described in section 2. A 

reflector with a diameter of around 30 m is used to provide the prescribed gain of : 
at least 52 dB in the 2.11 to 2,12-GHz frequency range. i 


i 
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The horn reflector feed has a hoi: flare angle of 14° and a 2.3-m aperture. Its total 
length is 9.5 m. The subreflector diameter is 4.5 m. The ratio of the reflector's 
depth to its diameter is approximately 0.266. Reference has already been made to the 
special subreflector support configuration which is favourable with respect to side- 
lobe suppression. The rms value of the main reflector of ¢ 0.7 mm is very low for an 
S-Band antenna. The broadband feed and the high quality of the reflector make the 
system extremely flexible. It can be operated at frequencies of up to 10 GHz and more 
by exchanging waveguide components at the feed input. 


For the time being only computer-controlled transmitting operation is being provided 
for the Helios project (maximum power 20 kW), but an expansion with receiving and 
autotracking equipment is possible. A universal polarizer operating on the principle 
of two mutually rotatable "quarter-wave plates" is connected to the feed to allow the 
polarization to be set as circular or as linear as required during the tracking of the 
polarization plane (Faraday effect). The system will commence operation after its_con- 
pletion in the Spring of 1974 in conjunction with the DSN-syatem of the NASA / 6_/. 


4, Electrical characteristics of the 28.5-m antenna for the standard ground stations 


The main design criterion for the standard ground station is the input sensitivity 
which is defined as the ratio of the antenna gain to the system noise temperature. ' 
This so-called G/T value, referred to the preamplifier input, is fixed by ICSC at 

= 40.7 dB/K at 4 GHz and 5° elevation. With the hitherto customary cooled amplifiers i 
(T, = 20 K) an antenna gain of = 59 dB has been necessary, a figure which can be 

attained with reflector diameters of 27 to 30 m. 


Typical electrical specifications of the 28.5-m antenna: 


Gain at the feed input 60 dB at 4 GHz 63.5 dB at 6.2 GHz 
Antenna efficiency at 3.7 to 4.2 GHz 0.7 to 0.72 

Antenna efficiency at 5.925 to 6.425 GHz 0.65 to 0.68 

Antenna noise temperature (4 GHz) 

5° elevation 36+ 4K 

90° elevation 8 to 10 K 

half power beamwidth 4 GHz = 0.16° 

half power beamwidth 6 GHz wz 0.11° 

Attenuation of the 3.7 to 4.2 GHz 216 dB 

first sidelobes 5.925 to 6.425 GHz 215 dB 


These values refer to circular polarization. 


The prescribed G/T value is met throughout the entire receiving range from 3.7 to 
4,2 GHz and is considerably above specification in parts of it, 


The first standard ground stations to be equipped with low-noise uncooled preamplifiers 

are being vlanned at present. The previous system temperatures of approximately 70 K ; 
(at a 5° angle of elevation) will then rise to approximateiy 100 to 110 K. The antenna : 
diameter will increase to about 32 to 33 m for the same input sensitivity as before. ; 


The antenna radiation patterns measured in the azimith range demonstrate the favorable 

sidelobe suppression (Fig. 7). The isotropic level is reached at an angle of approxi- 

mately 10° to 15° against the main direction of radiation. The attenuation for angles 

of more than + 90° is greater than 85 dB, apert from a few peaks. These discrete level 
increases are not real characteristics of the radiation pattern, however, nor or other 

peaks in the range from about the isotropic level onwards, but represent echoes from i 
the surrounding area. During the radiation pattern measurement towards s satellite 
transmitter sending CW signals at very low angles of elevation the main beam scans 
hills, the terrain and other objects in the azimuth direction which are also illumina- 
ted by the test transmitter, and picks up energy which they scatter. Use of a pulse 
measuring method may make improvements in this respect. 


The antenna always autotracks the satellite. The angular displacement information is 
derived from higher waveguide modes which are excited along with the fundamental mode 
in the horn reflector as the result of pointing errors. Since the tracking modes exist 
in the same feed as the communications signal, i.e. use the same aperture, the tracking 
is very sensitive. For the circular polarization used with the Intelsat system, for 
example, the Eo -wave which is additionally excited in the circular cross-section of 
the horn, when combined with the sum signal, can obtain all the tracking information 
alone. An additional wave mode such as the H5,~- or Hj,-mode is required in the case 

of linear polarization. The tracking modes are decoupled from the signal path via 


slits or pins. After suitable conversion they provide a difference signal which to- 
gether with the sum signal provides the automatic control system signals for the 
antenna drive system. The tracking accuracy is approximately © 0,01. 
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5. Future applications and possible improvements 


Measurements carried out on a standard 28.5-m antenna in the range from 3.7 to 15.5 GHz 
(Figs. 8 and 9) have shown the very broadband characteristic of the nearfield system 
with an horn reflector feed. The radiation patterns are very favorable at all the 
frequencies measured, and the half power beamwidth is almost a linear function of the 
frequency (0.169 at 4.0 GHZ, approximately 0.069 at 13.0 GHz). An even wider frequency 
range is theoretically possible. Special demands on the broadband operation as may occur 
in research systems, radio surveillance stations or future communications systems, which 
operate with several separate frequency ranges simultaneously (e.g. 4/6 GHz and 12 GHz), ; 
can then be met quickly without altering the feed or the antenna, simply by replacing 

vaveguide components. 


With the so-called frequency-reuse technique the transmission capacity is doubied by 
simultaneously transmitting and receiving orthogonal signals of the same frequency 
(linearly or circularly polarized). Freedom from interference depends mainly on the 
cross-polarization decoupling attainable on the entire path, to which the ground 
antenna contributes significantly. The cross-polarization behavior of the nearfield 
antenna with asymmetrical horn reflector feed differs from that of the centrally-fed 
antenna. Since the line of symmetry of the horn reflector segment is parallel to the 
axis of elevation, the cross-polarization levels of the radiation patterns measured 
in the azimuth sections with linear polarization are much lower than those of the 
corresponding radiation patterns in the elevation planes, because theoretically the 
cross-components of the aperture field only rise with respect to the longitudinal 
horn axis. Fig. 10 takes es an example the measured values of a 28.5-m antenna to 
demonstrate these relationships (horn flare angle = 18°), 


The differences between the cross-polarization maxima in the two pattern planes are 
about 10 to 15 dB. The maxima, referred to the maximum in the main direction of radia- 
tion in the azimuth pattern, reach values of -25 dB and fall to about © -30 dB within 
a@ practical width of the main radiation pattern of, say, 1 dB, since there is always 
a well defined zero point of the cross-polarization in the main direction when the 
antenna is accurately adjusted. 


The decoupling obtainable with circular polarizaticn is additionally influenced by the 
inherent error of the used polarizers. This error, defined as axial ratio of the resul- 
tant elliptical polarization, corresponds to a component rotating in the opposite sense 
to the main direction of rotation which degrades the main channel accordingly. An axial 
ratio of 0.5 dB theoretically only permits a maximum decoupling value of 30 dB, However, 
such low axial ratios cannot be realized over broad frequency ranges (e.g. Intelsat) 
with the polarizers now available. 


Reflections in the antenna system which cause the sense of rotation of the circular 
wave to change lead to additional interference. A maximum reflection coefficient of 
3 % would be theoretically permissible for a decoupling value of 30 dB. 


Thus it would appear that the decoupling should not fall far below 25 dB on a broad- 
band tasis with circular polarization. 


Other points to be taken into consideration during operation are that the antenna used 
aboard the satellite has its own crosspolarization component, positional errors degrade 
the decoupling, and most important of all atmospherics have a considerable influence. 
In practice, decoupling values of less than 20 dB were measured with Intelsat antennas. 
Different delay times and, to a greater extent, scattering due to rain were responsible 
for these values, which would probably be too low for operation purposes. 


Future improvements will mainly be directed towards the broadband symmetrization of 
the horn reflector characteristic by exciting additional wave-forming modes or hybrid 
modes in the feed. Thus large antennas shou).d not only reduce cross-polarization but 
also improve efficiency by about 3 % or 4 %. In future increasing emphasis will be 
placed on sidelobe suppression. The horn reflector offevs the possibility of reducing 
the spillover at the subreflector edge by slight focussing of the primary ray bear. 
For this purpose the paraboloid segment can be replaced oy another suitable profile, 
such as an ellipsoid. Spillover values of © 1 % can thus be obtained. Moreover, by 
suitably shaping the feed reflector asymmetries of the radiation pattern in the near- 
field can be reduced. 


The authors are indebted to R.Bredow, G.Schindler and H.Thiere whose assistance in the 
work has been most valuable for the preparation of this paper. We also would like to 
express our thanks to the DFVLR for their sponsoreship of the work on a low sidelobe 
Cassegrain antenna. 
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Fig.3 Cassegrain reflector system for a toroidal aperture illumination 
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Fig.5 King-post type standard ground antenna (Raisting 3) 
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Fig.6 Wheel and track type low sidelobe antenna (Helios) 
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Fig.7 Azimuth radiation patterns of the 28.5 m-antenna 
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Fig.8(a) Radiation pattern of the 28.5 m-antenna 
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f=12.0 GHz 
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Fig.9(a) Radiation patterns of the 28.5 m-antenna at higher frequencies 
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Fig.9(b) Radiation pattern of the 28.5 m-antenna at higher frequencies 
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Fig.10 Maximum cross polarization levels of the 28.5 m-antenna 
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DISCUSSION 


T. PRATT: In the Helios antenna, where torus illumination was used, what was the 
reduction of gain relative to the conventional near-uniform illumination? What was the 
improvement in G/T obtained by the torus illuminstion,with reduced gain and reduced far~out 
sidelobes? 

How does its performance conpare with that of the open Cassegrain antenna’ 


U. LE pre NT Theoretically the directivity reduction, when taking a torus illumination 
as shown @ 2 instead of a uniform one,is from an efficiency of 99.9% to 80.5%, that is 
a reduction of 0.9 GB. If compared with the circularly polarised Raisting III antenna the 
gain reduction measured with the not yet fully optimised 33 GHz Helios model is about 1.5 dB 
which is an average value for horizontal and vertical polarisations. An unknown part of 
this reduction. however, ia thought to be due to the smaller aperture of the Helios antenna 
when measured in wavelengths. With vertical polarisation the gain lies about 0.4 dB or a 
little more below that with horizontal polarisation due to the speeial strut configuration 
and the asymmetries of the primary field. 

A special comparison with the open Cassegrain antenna was not made. Open Cassegrain 
antennas of such large diameters as discussed appear to be too expensive because of their 
more couplicated structure,and they present difficult static and dynamic problems. For 
cases where the inner sidelobes are of minor interest compared with the outer ones, as was 
the case with the Helios antenna. it is thought that an open Cassegrain antenna has no 
better gain and sidelobe performance than has © rotationally symmetrical Cagsegrain antenna. 

ps Dae not been measured. For the time being. the Helios antenna is only used for 
transmission. 


eW. RUDGE: With regard to the cross-polarisation results presented; in which planes 
were these obtained? 
Although the asymmetrical design of the feed may appear to produce the maximum crose- 
polarisation in one of the principle planes, have the authors examined the diagonal planes 
of the overall antenna radiation pattern in order to ensure that the levels in these planes 
are not greater than the results shown? 


Peet The results were obtained in the main plane of the pattern. 

Measurements in the diagonal planes were not possible for technical reasons. The cross~- 
polarisation of the horn reflector feed shows the highest poseible level in the plane 
Perpendicular to the horn-cone axis (transverse plane). This is due to the asymmetrical 
geometry of the horn reflector and is different from that of a straight conical horn. 


D.A. BATHKER: In one view shown,refering to horizontal polarisation, the vertical 
struts blocking the aperture appeared to be wide while the horizontal ones were narrow. 
possibly being of dielectric ropes. My question is: Have overall system gain measuements 
been made to detect the gain loss difference due to wide conpared with nurrow struts? It is 
my opinion that struts or eopes ae metallic) of dimensions anywhere less thun one 
wavelength (even if infinitely thin) will scutter effectively ae though they are 0.5 to 
1.0 wide. given parallel polarisation. For this reuson I do not understand why thin struts 
are better than wide ones given parallel polarisation. 


U, LSUPRLT: It is well known that the souttering cross-section of conducting cylinders 
( e.g. ropes) depends on the orientation of the incident field vector with respect to the 
cylinder axis and is relatively greater with pcrallel than with orthogonal polerisation. If 
the diameter of the rope becomes very small compared with the wavelen:th, however, the 
ee ect effective interference is eccordingly muoh amaller thin that of a strut of, say, 
one wavelength, even in the case of a parallel polarised E-field vector. No conparison 
gin measurements heve been cerried out on the :nodel antenna with respect to the shadowing 
reduction gained by using thin metcllic ropes instead of struts. The choice of these 
horizontal ropes, however, wes not for reasons of goin, but mainly in order to opti:nise 
the cee behaviour of the overrll entenne pattern. 

@ part of the illuminction obseured by the struts produces an interference puatte 
with high directivity and rapialy decreveing sidelobes in the main plane passing Shrough 
the strut but is virtually spread in the plane perpendicular to this first plane. 

Thus struts placed horizontally in the aperture basically influence the vertical 
radiation pattern whereas vertical struts affect the horizontal pattern. If the antenna 
hae @ certain angle of elevation, low sidelobes in the horizontal Plane of the radiation 
pattern (as specified in our case) can be realized with two strite urranged perpendiculir 
to the axis of elevation. Experimental farfield measurements using several support 
configurations have clearly confirmed thie considerction, 
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DEVELOPMENT OF AN S=BAND DUAL MODE HORN FOR TELEMETRY 
RECEPTION BY THE 100 M EFFELSBERG RADIO TELESCOPE 


by 


W. Hess; B. LiesenkStter 
MBB, Dynamics Division 
Ottobrunn 
Germany 


SUMMARY 


A Gregorian antenna system with 100 m paraboloid is being 
equipped with a dual mode horn feed in the secondary focus. 
This feed is intended to provide a favourable figure of merit 
of the antenna with respect to gain and noise temperature. 

The specified data made a. horn of small flare angle and large 
length necessary. On the other hand the limited size of the 
apex cabine demanded length reduction by optimizing the horn 
feed zone. 

In addition a directional coupler, integrated in the horn 

feed zone. was developed for special test purposes during ‘ 
operation later. All measurements during the development 
period as well as the qualification tests have been carried 
out on an X-band scaled model. The design of the original 

horn feed aimed in particular at cheapness, a short manu- 
facturing period and a low weight. Thus a frame construction 
with non supporting inner horn structure was applied. 

Gain, spillover and noise temperature of the antenna system 
were calculated using a computer programme. The calculation 
was carried out by the Department of Electronic and Electrical 
Engineering, University of Birmingham. 


1. INTRODUCTION 


This dual mode horn was designed to operate in the secondary focus of a Gregorian 
system with 100 m paraboloid and elliptical subreflector. The antennasystm was 
equipped to effect the telemetry link with the Helios Solar probe to be launched 


in 1974, 
The specified horn data were: 
- frequency range 2629006026300 GHz 
Overall antenna gain 65 dB 


as low noise temperature as possible (zenith) 

polarization-independent, rotationally symmetric main beam 

rather small horn sizes (due to the limited dimensions of the apey cabin) with 
respect to the electrical requirements 


Por special test purposes during operation later a directional coupler at the horn 
input had additionally to be developed. 


ee DEVELOPMENT PERIOD 
2e1 Selection of the principle 


Preliminary experimental stuaies have been carried out on two Ku-band ‘called horn 
models with equal geometric dimensions. One medel was designed as a corrugated surface 
horn operating with the hybrid mode HE44. The second model was a dual "ode horn using 
both, the TE44,= and the TM41 modes, Both principles were compared with regard to beam 
equalization, sidelobe suppression, transmission loss and bandwidth property. 


On account of the specified narrow-band characteristic and especially due to the 
relative simple structure the dual mode principle was selected for th: feed horn, Thus, 
low price, a short manufacturing period as well as low weight could 1" realized, 


202 Theoretical background and horn design 


The dual mode technique utilizes a conical horn, excited in the throat region at both 
the dominant TE4,2mode and the higher order TM44-mode (Potter, P.D., 1963), These two 
modes are then superpoced with the appropriate relative amplitude ait phase to effect 
a field distribution as shown in Fiq. 1. 

Jt can be seen that almost perfect circular symmetry of the electri: f1eld component 
ds achieved and that the field at the edge of the horn aperture {2 'early cancelled, 
This effect provides the following desirable features: sidelobe suppression, beame 
width equalization in the Ee and Heplane as well as phare center ec ineldence, 
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2e2e1 Mode generation by means of a step discontinuity 


The TM,4, mode excitation occurs by means of a step discontinuity which can be calculated 

from the assumption that for a rotationally symmetric field distribution in the aperture 

(see Fig. 1) a mode conversion coefficient of c = 0.144 is necessary (Reitzig, Re, 1968). 

This means that the radiated power in the aperture must be divided into 87 % for the TE44 

wave and 13 % for the TM 4 wave. The diameter ratio at the discontinuity controls the 
conversion coefficient. tA order to obtain the desired conversion the diameter ratio of ' 
the step discontinuity (see Fig. 2) should be theoretically D,/D, = 0.76. 
This value had to be corrected to Dj/D4 = 0.82 due to the depéndence on the actual dia- 

meter D4, and further mode conversion tBrough the horn, as found later during experiments 

with an X-band scaled laboratory model. The actual diameters D, and Dp were chosen so 

that only the TE,, mode can propagate in D, and TE44, TMo1, TE21, TEo1 and TM,, in the 
oversized waveguide (D4). TMg4, TEo4 and Te 4 however are not excited here because of the 
rotationally symmetric step. 43 realize that step discontinuity on the one hand and to 

connect the horn to a standard circular waveguide on the other hand it was necessary to : 
form a proper transition zone with diameter Dj. Matching could be carried out by cutting i 
this transition to a quarter guide wave length and turning an additional inductance right { 
next to the horn-waveguide connexion. The result was a polarization-independent VSWR of ; 
better than s = 1.09 in the spezified frequency range. 


Compared with the horn described by Potter (Potter, P.D., 1963) several sections of the 
horn feed zone could be eliminated. The "mode suppressor" was shortened to a quarter 
waveguide length and additionally redesigned as matching- and transition zone. The 
“tapered transition" could completely be omitted (see Fig.2,3% Thus considerable length 
reduction was possible which hada positive effect on the horn flare angle and gain 
respectively, because of the limited overall horn length. 


202.2 Phasing conditions in the horn 
Another step of the horn design procedure is to determine the relative phase shift of 
TE4, and TM44 over the distance between TM,, excitation and the horn aperture. It is 


known that koth modes must have their central fields in phase in the aperture to effect 
the dual mode characteristics: 


AY = x AY; = 2nw7w n= O, 1, Zwe-e (1) 


Some small phase shifting effects in the transition between phasing section and cone as 
well as in the aperture will be neglected during the following calculation. 


There are three phasing components which effect the overall phase shift between the 
two modes TE44 and TM44 
Af = 4 cone + OY step + fon, section (2) 


The phase shift between TE44 and TM4, in the cone due to the different critical wave- 
lengths may be calculated by inteyrating the cylindrical waveguide formula 
z 


2 
ay ane | Rls) dz (3) 
“4 


zis the direction of wave propagation; Ra and 2, are the cone edges; (2) = phase 
constant. = 


Carrying out the integration gives 4 cone = 2,627 


As to the second term, it is not possible to determine the phase shift AY, at the 
point of TM,, mode generation with low mathematical expense (Reitzig, R. SER), We 
calculated AYcone and 4Y¥ph, section of several other dual modehorns according to the 
formulae of Eq (3) and Eq (4). Applying the results in Eq (2) the phase shift of the 
step was found to be approximately AY step = W/2. 


In order to get % ay, e2m@(in our special application 4® ) it is necessary to adjust the 
phasing section to @ phesection +7 0.88%. From that value the length 1 of the phasing 
section can be calcui.'e2d by the expression 


1 (Sop ~ Boy) = 


oY ph. section (4) 
2e3 Measucement on @ scaled mode] 


by the aid of the above results it was possible to manufacture a scaled model operating 
in the A=band (see Pig. 4). 


The dimensions were chosen in a way that beth the geometric limits and the necessary 
relativ small flare angle were met. Thus maximum aperture efficiency was obtained, 
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2.321 Tests in the MBB anechoic chamber 





The radiation pattern of the feed horn showed good conformity in the principal planes. 
Within the solid angle subtended by the subreflector, maximum deviation between the E- 
and H=plane of 0.3° was measured. Turning the horn feed aroundthe axis through the phase 
center, an edge taper of about 10 dB was obtained. 

No side lobes occured within the dynamic range of 40 dB (see Fig. 5). 

Gain measurement was carried out by the substitution method using a standard gain horn. 
A gain of approximately 27.5 dB was obtained. 

Special attention was paid to the determination of the phase center. It is important to 
know its position exactly, for the horn feed phase center and the secondary focus of the 
Gregorian system shall be coincident. Because of the relative large horn aperture - the 
diameter is larger than 11 wavelengths - it was expected that the phase center would lie 

rather far behind the aperture. 
The calculation for the location of the phase center can be carried out using the 

approximation formula (according to Bauer, K., 1955)for large apertures 


a/a Hn .a VE (5) 


45 "x 


| 
| 
i 
\ 
t 


where d = distance between phase center and aperture 
a = aperture diameter 
1 = length of the cone 

The calculated value was d/ = 20.8 


With the aid of phase pattern measurement the phase center could be determinded 
experimentally (see Fig. 6). Turning the horn model around a point located 22 wave= 
lengths behind the aperture a minimum phase deviation in the principal planes as well 
as the 45°-plane within the subtended angle of 14.7% was measured. It can be seen that 
mathematical determination and experimental work showed good conformance. 


2e3.2 Further measurements 


The noise temperature of the antenna system will be influenced by all ohmic losses of 
the circular wave guide system. Therefore the determination of the transmission loss 
shonld be carried out extremely carefully, and thus the Roberts-von Hippel method was 
used, The aperture was short-circuited and the rather high VSWR was measured with a 
slotted line and a receiver of better than -90 dBm sensitivity. Thus VSWR of more than 
100 could be determinded. The measured value of s = 48 indicated a transmission loss of 
2 o = 0.175 dB. Taking the scaling rules into consideration a transmission loss of 

o = 0.05 dB for the original horn feed was found. 


3. CALCULATION OF GAIN AND SPILLOVER 


The overall antenna characteristic was determined using a computer programme of the 
University of Birmingham, U.K... Primary feed patterns, measured in the actual distance of 
the horn aperture to the subreflector are used as input data. They represent the incident 
field at the subreflector. From that both, the far-field pattern of the subreflector and 
the nearefield pattern at the main reflector surface have been calculated. With the far- 
field pattern the spillover and noise figure can be calculated, and with the near~field 
pattern an exact computation of the antenna's overall gain is possible. The computed 
oneaxis gain of the antenna system was 65.64 dB and had to be reduced by losses due to 
strut blocking and curface errors, 


The spillover is given by the addition of the spillover from the primary feed past the 
wubreflector and the spillover from the subreflector past the main reflector, 


Finally the antenna nolse temperature was calculated using the spillover figure and well- 
known, calculation methods. 


46 DIRECTIONAL COUPLER 


buring later operation it is necessary to control the antenna polarization. The control 
cignal comes from a directional coupler which couples the information into the primary 
feed. On account of further length reduction the directional coupler was integrated into 
the horn feed zone (see Fig. 2). 

We tried to couple the energy with small probes directly out of the phasing section, 

The influence of the probes of the radiation properties and matchirg characteristics 

of the horn proved to be negligible on account of the high coupling attenuation of 60 dB, 
The problem wan to find the correct distance of the probes to get a signal 90° out of 
phase fron the two waver propagating in the phasing section with different guide wave- 
lengths, The proper distance war empirically found to be 8.1 mm, a value between the 
TE44- and TM44 guide wavelenath,. 


The directional characteristics are then achieved by coupling the two siqnals into a 
rectangular waveguide with the appropriate dimensions in relation to the guide wavelength 
which must be four tines the probe distance, 

Two transitions to coaxial terminals accomplish the directional coupler which has an 
overall length of about 1Ag. 
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Se CONSTRUCTION OF THE FINAL (FULL SCALE) HORN VERSION 


The design of the final horn feed aimed in particular at cheapness, a short: manufacturing 
period and a low weight. The dimensions of the horn are 1.5 m of diameter and 4.1 m of 
length. The conventional method of manufacturing a conical horn is to turn it from metal 
pieces; in our special case we had to use hammer forged aluminium-rings. Due to the 
limited lengths of those pieces and the necessary horn length of 4.1 m this method seemed 
not to be applicable because of the necessary high number of horn segments and fabrication 


expenditure. 


In order to get a short manufacturing period it was decided to manufacture the horn 
according to the helling technique. The horn had to be divided into six segments in order 
to get it inside the apex cabin. Here the final assembling will be carried out. 

The feeder is designed as an aluminium frame work. It consists of six segments; two of 
them are shown in Fig. 7. Every segment consists of two flanges which are connected by 
thin walled tubes of aluminium. This structure is the supporting part of the horn. The 
electrical part of the horn, the cone, is formed of 1 mm thick sheet aluminium, the sur- 
face of which was sheltered against damage until assembling it in the segments. Thus, 
extremely high surface quality was achieved. The roundness in the aperture is better 


than 1 Ge é 


Special attention was paid to the connection between the segments. The junctions of about 
1/10 mm are joint by use of a special conducting glue. In addition the horn is covered 

by a supporting sheath for further stiffness and protection against mechanical hazards. 
The first and second horn segments are turned of brass because of the relative small 
conediameter. The next segment is manufactured as described above and is shown in Fig. 8. 
Here the mounting flange can be seen. This flange provides fitting the horn feed in the 


apex cabin. 
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Fig.3 First horn segment 
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Fig.5 Amplitude pattern 
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Fig.8 Horn segment with mounting flange 
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R. ReIlTZig: In a Gregorian multiple reflector syatem the cross~polar component is 
increased. Could you comment on the magnitude of the cross-polarisation? 


W.HESS: The magnitude of the cross-polarisation was not specified because the 
antenna was only required for a point-to- point system.Because of eymnetry about the axis 
na cross-polarisation would be expected in the main direction of radiation. 
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ARRAY AND REFLECTOR 


TECHNIQUES FOR AIRPORT PRECISION APPROACH RADARS 


by 


Robert J. Mailloux 
and 
Philipp Blacksmith 
Alr Force Cambridge Research Laboratorles (AFSC) 
Microwave Physics Laboratory 
L. G. Hanscom Field, Bedford, Massachusetts 01730 
U.S.A. 


SUMMARY 


Typical precision approach radar (PAR) antennas for Grcund Control Approach (GCA) systems provide 
rapid electronic scanning over small scan sectors ranging between +4° and +10 In elther plane of scan. 
These ''limtted scan'' antennas are often required to have relatively high gain (40 to 50dB) and to conform 
to rigid stdelobe specifications (ideally -30d8) in order to minimize Interference problems. 


Conventional phased array technology would require an excessively targe number of elements to perform 
this function because it takes no advantage of the very restricted scan coverage. Instead, a growing 
class of specialized antennas Is being developed with reduced numbers of phase shifters and other 
cost-saving advantages made possible by the IImited scan coverage. 


This paper surveys the current state-of-the-art among array and array/reflector antennas for limited 
scan coverage, and introduces some new array techniques developed at AFCRL for this application. Other 
system parameters, such as frequency selection, will be discussed In light of thelr Influence on antenna 
design requirements out the principle task addressed by the paper is to use the parameters of present PAR 
antenna systems to estimate the potential advantages of new technology. 


Examples cited as new technology Include the use of arrays to feed dual reflectors or lenses for 
improved aperture efficiency and reduced array size, and the AFCRL array techniques using large multt- 
mode apertures for grating lobe suppression and pattern control. Comparisons of these types of 
technology witl be given for selected applications. 


1. INTRODUCTION 


Alrport preciston approach radar (PAR) antennas are highly directive penc!! beam antennas requiring 

‘ rapid glectronic scan over smal! scan sectors or cones. Typical scan cones have half angles between 4 
and 10°, and the antenna beamvidths are on the order of one half to one degree in elther plane. Sidelobe 
specifications are stringent, with -30dB often set as a requirement for all beyond the first sidelobe, 
and -24 or -25de first sidelobes. Frequency allotments for GCA systems usually place the PAR antenna at 
X-band, although S-band frequency allotments might offer better performance in rain. Any requtrement for 
rapid scanning has traditionally been met by phased arrays with electronic beam steering, but the 
difftculty with PAR antennas Is that they ape so large that the phased arrays become too complex and 
costly to provide a viable solution. For 1~ beamwidths, the aperture must be on the order of 60 
wavelengths tn diameter. Typical array apertures are spaced at most 0.9) apart, and thus require at least 
3500 phase shifters, while a 0.50 beam would require at least 14,000 phase shifters. At present day 
phase shifter prices these costs alone are excessive without further consideration of the power divider 
and clIrcult element costs. The costs are excesslve because conventional array technology does not take 
advantage of the IImited scan requirement, and is prohibited from dotng so by the fact that regular 
perlodic arrays have grating lobes for element spacings In excess of a wavelength. To fill this gap a 
growing class of specialized antennas Is being developed with reduced numbers of phase shifters and other 
cost saving advantages made possible by the limited scan coverage. Chief among these are the reflector 
and lens type antennas, which take advantage of the magnification of such optical systems to Illuminate 
large apertures with relatively smal] arrays. The special purpose array techniques discussed In this 
vaper are designed especially to take advantage of the limited scan coverage by using large array elements 
and thus fewer piiaze shiftes and accompanying reduced power divider requirements. This Is accomplished 
In one case by using an aperiodic grid arrangement to prevent the formation of large grating Jobes, and 
In another case by using multimode apertures to taylor array element patterns for grating lobe suppression. 


This paper discusses a number of antenna techniques for satisfying the limited scan function. 
System requirements and special radar techniques have been excluded In order to concentrate on a practical 





comparison of the antenna techniques. Several or the antennas described are still in the development 

stage, and so It Is difficult to assess thelr final impact on PAR antenne system selections. In describing 
these cases, an attempt has been made to outline areas of possible difficultles as wel] as the projected 
capabllitias of the systems. Indeed, it should be emphasized that any comparison, however well Intentloned, 


between a fully developed antenna and 8 new or proposed, but undemonstrated, technique Is a little like 
comparing ones aspirations with ones accomplisiments; it Is difficult to be objective In such cases, 


The coverage devoted tu each technique discussed in the paper Is Intentionally uneven; new methods 


have been described In detall, while equally Important systems are very briefly discussed If they are 
treated elsewhere. In addition, no attmnpt has been made to detall the history of limited scan antenna 
development from its early roots In mechanically displaced feeds for reflector and lens antennas. In 


this regard, In addition to the orlginal research pubiications describing specific systems, there are 
several excellent survey references describing techniques pertinent to the Jimited scan apni ication, 
(PATTON, W.T., 1972 and TANG, R., 1972) 
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2. PERTINENT CHARACTERISTICS FOR COMPARING PAR ANTENNAS 


The galn, beamwidth, scanning and sidelobe characteristics mentloned in the Introduction are the 
fundamenta) electromagnetic properties that the PAR antenna must provide. In addition to these there 
are many physical characteristics that, In the case of the large PAR structure, become equally Important. 
Figure 1 shows a generalized limited scam antenna structure and serves to define some of the parameters 
referred to throughout the paper. The total length of the antenna (normalized to wavelength) Is cailed 
f, and ts a generalized focal length. The array (or primary) aperture diameter Is d (wavelengths) and 
the final, or secoudary aperture diameter {is D (wavelengths). Throughout this paper al] apertures are 
considered circular. One parameter of very great Importance Is the ratio f/D, which should be as short 
as possible for mechanical reasons, but which engineers often increase for electrical reasons. Another 
parameter of key importance Is the optical magnification of the system D/d, which should be as large as 
possible to allow a very small array to feed a large final aperture. Neither of these factors describe 
the scanning capability of the system, but @ common measure of this parameter Is the number of half power 
beamwidths (NB) that the system scans. This beamwidth related parameter is meaningful for optical type 
systems, but breaks down as a description for array systems, and so a related parameter Introduced by 
Patton (PATTON, W.T., 1972) and called the "element use factor'' will be used throughout this paper for 
compartson purposes. This factor Is N/N ain where N ts the actual number of phase shifters in the control 


array, and Nain 1s a reasonable minimum number of control elements as defined by 
Nat =(singmax 
singnP 
2 


where @max Is the maximum scan angle and @HP [5s the half power half beamwidth of the structure. This 
Nain ts therefore defined for a penct! beam system as approximately the square of the number of half 


power half beamwidths scanned, or Nain 7 4N,?- It's tnterpretation as an absolute minimum number of 


elements Is onen to question, but even In the case of the untformally illuminated circular array of Ideal 
but physically unreallzable array elements, the absolute minimum number Is approximately 80% of the N 


min’ 
and so It seems likely that this definition Is a nearly optimum one for comparing various array and 
reflection or tens designs. A conventional phased array with a moderate taper and roughly circular 
aperture has an element uSe factor given by 0.23(W sIn@max)? for Interelement spacing W(normalized to 
wavelength). This corresponds to factors 9.3 and 37 for 10 and 5 scan respectively when W = 0.9. Other 
techniques discussed In this paper have much smaller and relatively constant element use factors, and 
these numbers provide a direct comparison of the number of control circuits required by each system. 


Another important factor for many applications Is the aperture effictency of the main limited scan 
aperture. This Is so because many of the reflector or lens geometries require oversize reflectors 
because the feed structure !}}uminates only @ spot on the main aperture, and that spot moves with scan 
angle. Aperture efficlencles for such structures can be of the order of 25% Instead of the usual 55 to 
60% for nonscanning reflectors, thus requiring double the aperture of these more efficient structures. 


Finally, another electrical parameter Is of Importance, not because {it affects performance, but 
because It deals with the complexity of the beam steering system for the array. This parameter Is the 
type of steering or Information necessary to steer the beam. The simplest type of steerling Is row and 
column steering with progressive phases In both planes. Certain antennas however require complex 
steering functions to be generated for off axis scan, and these result in slower beam steering or excessive 
computer scan data storage or both. 


Each of the systems described In this paper will be compared on the basis of these parameters as 
well as on thelr electrical performance. 


3. REFLECTOR AND LENS TECHNIQUES FOR LIMITED SCAN 


The narrow beam, high gain requirements of PAR antennas, coupled with the need for scan over only a 
small angular sector lead quite naturally to the Investigation of optical tachniques, as embodied In Jens 
and reflector geometries, for beam scanning. Indeed, nearly all limited scan antennas designed to date 
have been of optical design, and It seems likely that this will continue to be so for some time In the 
future. The following paragraphs describe some of the relevant studies of electronically scanned antenna 
systems for this application. 


Winter (WINTER, C., 1968) describes an array feed for a parabola as shown In Figure 2. This technique 
achleved 7 beamwidths of scan with E-plane sidelobes approximately -15dB relative to the main beam In the 
E-plane, and approximately -10dB In the H-plane. The phase shifts required for achleving these scanned 
conditlons were computed from geometrical optics. These were not progressive In elther plane of scan and 
so row and column steering could not be used. The array consisted of 980 elements and so has an element 
use factor of approximately 5. The main reflector efficiency Is low because the Illuminated spot Is 
allowed to move about on the main reflector to achieve scanning. This study !s of great Importance 
because of its timelines arid because It showed that reflectors could be scanned by a phased array w! thout 
the accompanying coma lobes observed for offset feeds, 


This preliminary work and other studies In IInited scan reflector techniques has led to the 
development of structures with less aperture blockage and lower sidelobes, Notable among these Is the PAR 
antenna of the TPN©-19 GCA system. This antenna, shown In Figure 3, uses a hyperbolic main reflector and 
an offset phased array feed and uses a modified row apd column steering technique with a conventent 
algorithm for off axis scanning. The antenna has 1.4 azimuthal beamwidth and 0.75 elevation beamwidth, 
and scans +10 beamwidths In elevation and +7.15 beamwidths In the azimuth plane. The array uses 824 
phase shifters, and so has an element use factor of approximately 2.9. The first sidelobes are at the 
-22 to -24d8 level in each plane, and further sidelobes are between -24 and -28d8 with respect to the 
maln beam, The syStem operates at X-band, over a 2/ bandwidth and has a reallzed gain of 425d8 on 
boresight and approximately 39dB at the scan Ilmits. This realized gain Is about 3.5dB below the 
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directive gain on boresight due to horn feed spillover, array face matching, and phase shifter 

losses. The main reflector size {s about 9 ft by 114 ft, corresponding to an aperture effictency of 
approximately 30% at boresight. This iow efficiency Is due to the basic design concept of the system, 
for different parts of the maln reflector are Itluminated differently for various scan angles, and so an 
Tlluminated spot moves with scan. 


Recent technological efforts have been concerned with developing systems for scanning over wider 
angles with pencil beams, and for providing these scanning capabilities with relatively small high 
efficiency primary apertures. Two recent studies (FITZGERALD. W.D., 1971a and 1971b) at Lincoln 
Laboratory have dealt with the quest for larger scan multiples (NB). One of these concerns a near fleld 
cassegrain antenna with main reflector and subreflector as confocal parabolas. The antenna, shown In 
Figure 4, Is compact and has a generalized f/D of approximately 0.4, but the array size required was 
relatively large, with typical d/D ratius considered between 9.25 for a 400) main reflector, and 0.35 for 
a 250) main reflector. These computations show maximum NB of up to 17 with element use factors between 
6 and 7. These relatively large element use factors are due to the fact that the array Is only required 
to scan over a narrow range of angles, and so Itself is a limited scan array. For this reason, element 
spacings greater than the 0.9) assumed here can be used with proper precautions to maintain element 
efficiency (FITZGERALD, W.0., 1971a and TSANDOULAS, G.N., and FITZGERALD, W.D., 1972). The use of these 
oversized elements would reduce the element use factors for this approach to somewhere between 3 and 4. 
This array scheme also has the advantage of using IInear phase control and since its generalized f/D 
ratio Is short, can be mounted and moved conveniently. It has relatively high sidelobes, on the order of 
-13d8 due to the Inherent aperture blockage of the system. 


The second approach Investigated at Lincoln Laboratory was directed at this high sidelobe problem, 
and dealt with the offset - feed gregortan geometry shown In Figure 5. This technique, first proposed by 
Dudkovsky (DUDKOVSKY, E.A,, 1962) has Improved sidelobes due to decreased aperture blockage. The report 
describes a system with + beamwidth, scanning 14 beamwidths and with a relatively smatt array 45. on a 
side. The element use factor Is about 2.5 for this geometry, and this is mainly because the array Is 
made to scan on the order of +20°. Sidelobe levels for this antenna are on the order of -15 to °17d8 for 
all scan angles. The structure has a generalized f/D of approximately 1.5, and so Is awkward for 
pedestal mounting. The antenna has good aperture efficiency for all beam scan positions. The beam 
scanning requirements of this off axis feed imply the use of a combination of row and column steering and 
a beam steering algorithm for off axis scan. 


Research sponsored by AFCRL has been concerned with providing scan coverage In excess of ten 
beamwidths but with minimum size final aperture and with reduced element use factors. These studies have 
sought Increased main aperture efficiency by allowing movement of an Illuminated one on @ sub-aperture 
or by utilizing a beam forming matrix to produce a special sin w/y distribution at the main aperture. 
Studies at Raytheon (TANG, C.H., and WINTER, C.F., 1973) have Included computer simulation of the array/ 
lens structure shown In Figure 6. The structure consists of a planar feed of 437 elements arranged on a 
square grid spacing of 0.546). A 23-dB Gaussian type tapered amplitude excitation Is employed to achieve 
the desired sidelobe level. The array {ts phased to focus to a small spot on the elliptical rear face of 
a lens containing 2617 passive elements arranged on a square grid of 0.5:. The function of this lens Is 
to transfer this spot to @ region on the focal arc gf a lens with spherical back face. This main lens fs 
an equal path lens with two point correction (0,+10°). This antenna Is In the development stage and so it 
Is difficult to predict sidelobe leveis etc., but preliminary data shows sume shouldering of the main 
beam and sidelobes at approximately thesl6dB level for +10° scan. The parametric features of this antenna 
are that at 65, diameter, it forms a beam of approximately 1.2 for all scan angles, thus Indicating 
effictent use of the scanned main aperture. in its present state of development, the antenna scans 
approximately 84 beamwidths, and with 437 array elements this corresponds to an element use factor of about 
1.5, the lowest of any of the optical techniques considered. The generalized f/p is at least 1.7, so the 
structure is quite long and bulky, but to compensate for this, the main aperture D Is made nearly as 
small as possible because of its effictent I)iuminatton. 


R. Tang (TANG, R., In preparation} and colleagues of Hughes Aircraft Company have Investigated a 
varlation of a technique described by Rudge and Withers (RUDGE, A.W., and WITHERS, M.J., 1971) who have 
shown that a Fourler transformer (Butler matrix) can be used to match the scanned beams of a reflector 
antenna. Tang and his colleagues have in addition developed a method of aperture distribution synthesis 
In which the antenna is viewed as a subarray system with each branch line of the corporate feed 
representing @ subarray terminal. This antenna differs substantially from the Raytheon study because of 
Its exploitation of the subarraylng concept, and because the array Itself Is used quite differently. In 
thls system too, @ spot Is moved along the focal are of a main aperture (in this case an off axis reflector 
as shown In Figure 7). The array does not do the focusing however, and in fact It provides what Is 
basically a linear phase front (except for phase corrections provided by the ferrite/dlode phase shifters). 
The feed through lens focuses the energy from the feed array to form an approximate spotetype distribution 
across the reflector focal plane. As this distribution moves, the main array Is scanned. This system 
can be viewed as one Fourler transform removed from the Raytheon work, In that here the array Is 
progressively phased, and the feed through Jens does the focusing to again form the moving distribution 
for scanning the main reflector. 


The Initial progressive phase shifts are shown here as produced by 4 multiple beam matrix, but 
alternatively could be 9 phased array. in this case the beam correcting phase shifts represent corrections 
to the progressive scan terms. Throughout this work, the amplitude distribution malitalned across the 
array Is reproduced at the main aperture and so good sidelobe control Is possible. Preliminary studies 
have led to computed patterns with -26.5dB sidelobes for the on-axls beam, and -20.5 for the beam scanned 
10 beamwidths. Gain reduction over the scan range Is less than 2.5dB. gho array tens and reflector 
system as presently concelved consists of 800 elements and scans the 0.8 pencil} beam about 10 beamwidths 
corresponding to an element use factor of 2.0. The reflector aperture Is 80, and the generalized f/D 
ratio is approximately 1.5. 
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4. ARRAY TECHNIQUES FOR LIMITED SCAN 


4 
Conventional phased arrays can provide excellent sidelobe contro! and good wide-engle scan j 
characteristics, but are in general too expensive for PAR limited scan appl icatlons because an excessive 4 
nunber of elements and phase shifters are required to fill the necessarily large radiating aperture. { 
Phased arrays cannot In general be constructed with elements longer than a wavelength In the direction ; 
of either plane of scan because the resulting grating lobes absorb much of the power. In practice, arrays q 
spaced a wavelength éepart cannot be scanned more than a few degrees, and so the element spacing 0.9 4 
(MAILLOUX, &.J., 19728 and PHELAN, H.R., and HARRISON, J.4., 1973) will be used throughout this paper 
whenever comparisons are made to conventional array spacings for limited scan. Grating lobes can exist i 
elther because of an amplitude or phase taper In each element aperture which gives the array a scalloped : 
aperture vleld distribution, or they can come about as the array is scanned because the single mode 
apertures can only stepwise approximate the linear phase taper which should be achleved for proper 
scanning of a phased array. Therefore, for elements longer than a wavelength in the scan plane, even If 
the power floss at broadside is tolerable, the main beam power decreases much too rapidly with scan for 


j 
most applications because the grating lobes nearest broadside grow as they move toward the element : 
pattern maxtmum. 4 


If the angle of main beam scan ts @., and the spacing between elements Is W (normalized to wavelength), 
In the © = plane, then grating lobes appéar at the angles 8, associated with 


3 = § + 
in a, In & a 





for any position or negative Integer values of n which define a rea] angle 6. The size of the grating 

' lobes when @ = 0 (broadside) depends upon the amount of amplitude and/or philse scalioping In the basic 

: array elements. i{f there Is no scalloping in one plane, as in the E-plane of an array of thin walled 

‘ horn apertures, then the fleld pattern of an element In the array (the array element pattern) will have a 

' null at each n/W point In sin 0, and all of the grating lobes will have zero amplitude. This Is the 

i optimum pattern achlevable and It Is also the narrowest element pattern echieveable without resorting to 
superdirective apertures. ‘hen there {ts scalloping, as In the E-plane when the element size Is less than 

; the Inter-element spacing, or in the H-plane of a horn array, then grating lobes will be present even for 

a heam at broadside. In elther care, the lobes are present when the array Is scanned away from broads ltde : 

and spectal techniques must then be utilized to reduce them to tolerable levels. 


4.1 APERIODIC ARRAYS 


The occurrence of grating lobes Is due to the perlodic nature of conventional array lattices. The : 
perlodic structure leads to the formation of these ambiguous beams, but when this pertodicity fs removed : 
i, by varying element specings, the grating lobes can be effectively suppressed. Gne of the examples of the ‘ 
use of this type of system for limited scan application Is the array Investigated by W. Patton (PATTON, 
W.T., 1972). This structure, shown schematically In Figure 8, consists of a circular array of dipole 
subarrays arranged in an aperiodic fashion. 


The elements have equal areas. and thelr size ultimately determines the maximum scan angle of the 
antenna at the element half power potnt, or approximately sin @ © 0.44/W, where W fs the normalized 
: element width In any plane. This array ts locally perlodic, and so does have vestigal grating Inbes, but 
these are considerably suppressed for a large ayray. Patton (PATTON, W.T., 1972) describes a 30 ft 
dlameter array and a 10 ft dlameter array at C-band. The 30 ft array consists of 1000 elements, Instead 
of the approximately 27,000 elements needed to cover this area using conventional array technology. The 
subarray elements are excited by a combined optical and transmission line feed consisting of a7 optical 
power divider feeding a primary spherical array and providti:3 monopulse baam options, and transmisston 
Ifne Interconnections to tiie subarrays. The array Is dually polarized and scans a 0.36° beam approximately 
5°. It's element use factor Is extremely iow at 1.3. One disadvantage of this system Is its relatively 
high losses due to gaps between the feed elements and the transmission line losses; these and other losses 
result In 5.94d8 loss for the 10 ft model and Ina projected 4.21dB loss for the 30 ft array. The 
: transmisston IIne Interconnections may also make an X-band design somewhat less practical. Finally, the 
; structure does have high average sidelobes at its maximum scan, when the maln beam gain Is reduced 3dB 
and the average sidelobes Increased accordingly. Apart from these disadvantages however, this aperiodic 
array design Is @ major achlevement in array technology; its peak sidelobes were measured at the ~15d8 
level for the 106 ft diameter array, and are projected at -20.9dB for the 30 ft array, but the Item of 
primary Importance Is the achlevement of this extremely Jow element use factor (1.5) and the accompanying 


reduction |i necessary phase shifters, This development also empnasizes the low generalized f/D ratio 
achlevable with aperlodic array technology. 


| 4,2 MULTI-MODE SCANNING TECHNIQUES 


Recent AFCRL studies have revealed that higher order odd modes can ve used to allow the use of large 
' aperture horns as elements of a limited scan array (MAILLOUX, R.J., 1972b and MAILLOUX, R.J., and FORBES, 
: G.R., 1973). The technique Is ca,led odd mode scanning and ‘5 based upon the recognition that It Is 
possible to choose an odd mode amplitude and phase so that tir combined even and odd mode radiation 
pattern from any horn has a zero at the angle of the (n=-1) grating love nearest to broadzide. The 
relative odd mode phase Is fixed at +90 with respect to the even mude phase, The (+)sign far scan on 
one side of broadside and the (=) sign fur scan in the opposite direction, but except for the sign change 
this phase Is constant with scan. The reiative odd «ode amplitude mut tncrease monotonically with scan 
In order to move the zero of this combined sctive element pattern neuer to broadside In colnctdence with 
the (n=-1) array grating lobe position. Figure 9 shows a comparison of a singl: mode element pattern with 
that of a horn with combined even and odd mode exciturion. This figure demonst-4tes that although the 
princlpal effect of the superposition is to cancel the first grating lobe, In tact stl of the nulls shift 
In the same direction and so tend to suppress other grating lobes for scan angies not too far from 
broadside. Another advantage of the technique displs ed In these figures Is that although the odd and { 
even modes subtract at the ns-1 grating lobe, they av together at the main beam, thereny providing 
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relatively constant gain with scan. This property Is demonstrated in Figure 10. 


A number of different circuits can be used for exciting the even and odd LSE modes; some are 
essentlally power divider circults used to supply signals to conventional monopulse horn geometries 
(MAILLOUX, R.J., 19726) and these have the advantage of keeping even and odd modes separate for 
adjustment purposes. The simplest circuit, and likely the most practical one however Is shown In Figure 
11 for scanning In one plane. This figure shows an E-plane horn being excited by a dual made waveguide 
section of length "'L''. The dual mode section Is fed by two phase shifters with phase shifts different by 
the angle 4 . The phase shift rn provides the beam control phase, and the difference A Is used to excite 
an odd mode at the junction of the waveguide and the dual mode section. This junction Is the dual mode 
equivalent of a 4~port magic tee hybrid. The odd mode amp 1 i tuge Is zero for 4 = 0 and increases with the 
angle 4 up to 90°. The phase of this odd mode is constant (90 away from the even mode phase) except for 
a 180° shift as A goes from positive to negative. This relationship Is not preserved throughout the horn 
however because the two modes propagatg with a different phase constant, so the dual mode section length 
L is adjusted to give the required +90 phase relationship at the horn face. The circuit therefore 
provides exactly the amplitude and phase control as required by the odd mode scanning technique. Two 
phase shifters are thus required per element for scanning In one plane, and the allowable element spacing 
ts given by (MAILLOUX, R.J., and FORBES, G.R., 1973) 


W sin 0 ax = 0.6 


Elements can therefore be 3.5 wavelengths on a side for +10° scan, 4.6 wavelengths for +7.5° scan, 
corresponding to savings In phase shifters of 2 and 2.5 for one plane of scan. The phase controls required 
are the simple progressive terms for beam steering plus the difference term 4 which Is the same for al] 
elements but which does vary with scan angle. 


As shown In Figure 9, the case of E-plane scan is ideally sulted to the odd mode scanning technique 
because the array grating lobes lle In the element pattern nulls when the array [Is at broadside. The case 
of H=plane scan offers more difficulties because the widened element pattern has nulls beyond the grating 
lobe points for the array at broadside, and so energy {ts lost Into these H-plane grating lobes. This 
problem has been solved by using a set of dielectric layers at the sides of each horn (TSANDOULAS, G.N., 
and FITZGERALD, W.D., 1972) to taylor the H-plane element pattern and move the nulls in to approximately 
the position of the broadside grating lobes. Using this design H-plane element patterns with appropriate 
scanning nulls have been designed and have achieved proper null scanning for grating lobe contro} with 
elements up to 4.6 wide. The odd mode used to accompany the LSE10 mode for H=plane scan Is the LSF20. 


Figure 12 shows a circult for exciting four modes (LSE10, LSE11, LSE20, LSE21) as required for 
scanning in two dimensions. This clrcult, with phase shifts as noted on the figure, forms a separable 
aperture distribution at the horn face either for an unloaded horn or for one with dielectric wedges for 
H-plane control. The resulting element pattern Is thus suitable for full two dimensional control using 
E-and H-plane difference phase terms as defined by the respective positions In direction cosine space. 

No cross product phase corrections are needed and again simple row and column phase control Is sufficient. 
In this case the horns must be designed to maintain the proper phase relatlonship between all! four modes. 


Figure 13 shows a laboratory model of an array based upon this concept. The array Is designed for 
E~plane scan +12) and uses the odd mode powar divider concept shown In Figure 1). Figures 14A and 146 
show E-plane patterns of the array of Figure 1. In Figure ?4A, the array is phased at broadside and 
the elements are excited with the central four at uniform amplitude, the second elemeni ta from each end 
of the array at -3dB amplitude, and the outer elements at -6dB amplitude. This taper should have first 
sidelobes at about -19dB, but due to cable and power divider phase errors the level Is approximately -17dB. 
This figure shows grating lobes at approximately +19° (-16dB) and also at +40° (-26dB). These would be 
zero if the horn elements were perfect, and they can be reduced somewhat by using a dielectric lens to 
collimate the beam of each horn. Figure 148 shows two cases at the maximum scan angle +12°. The dashed 
curve in this figure shows the horn array radiation pattern without odd modes, and clearly indicates the 
impossibility of using such a design. in this cage, the main beam gain is reduced over SdB with respect 
to the broadside array and the grating lobe at ~7 Is larger than the main beam by 1.8dB. Other grating 
lobes are at tolerable levels. Thre solid curve of 148 shows that when each element Is excited with an 
odd mode signal by changing the relative lengths, the offending grating lobe is reduced to approximately 
the -20dE level, and the main beam gain Is Increased to approximately -1,2d8 with respect to the 
broadside case. 


The array used for this experiment was not designed for wideband operation but does provide 18d8 
su-pression of the n=-1 grating Jobe over approximately 3% bandwidth, and 16dB suppression over a 4% 
band. {tt Is expected that 10% can be achieved without excessive difficulty. A second E~plane horn 
element has been designed with 4.6) dperture size and found to scan with approximately the same 
characteristics az the 2.9) horn when viewed In W sin 5 space. This horn was excited with a larger 
dual mode waveguide section, and so does have a bandwidth of about 6Y,. 


The odd moge scanning technique described above results In a flat array face with perlodic element 
spacings. The elements are highly efficient, being uniformally Illuminated in the E-plane and very 
nearly so in the H-plane (because of the dielectric wedges designed to Improve H-plane efficiency and null 
position). A study of the naar and far sidelobes has revealed that these are of very different character, 
and that by using conventional aperture tcopering procedures near sidelobe levels of -30dB or less can be 
achieved, and thts level can be made as low as phase tolerances and array size will allow, The nulled 
grating lobe (n=-1) I: suppressed 20 to 25dp for a sma)! array (8 elements), but may be suppressed 
substantlally more for larger arrays. The residual grating lobes at wider angles are unaffected by array 
amplitude tapering and remain the major limitation of the technique. This laboratory is now Investigating 
the synthesis of stratefied dlelectric iayer spatial filters for reduction of these far sidelobes, This 
technique shows goud prorise of success tecause lobes are already 12 to 15dB below the main beam and are 
at wide enough angles as compared with the maln beam that they can be s2parated effectively by this means. 
with or without this filtering, the average enercy in the sIdelobes remains far below thet of the aperiodic 
array schenes, for the odd mde technique typically licurs less than 1.5dB loss at the scan limit. 
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The element use factor {is typically 2.5, and so compares quite favorably with many of the 
reftector or lens schemes. An additional positive factor ts that the element spacings are quite large, 
and allow much more room than conventional arrays for mounting of phase shifters, cooling and adjusting 
or replacing Individual members. The gain reduction with scan fis minimal and the beamwidth variation Is 
also minimal and is Influenced only by the cos @ projection factor, The structure can be excited by 
space feed or corporate feed geometries and the flat array face makes circular polarizers convenient If 
required. Of primary Importance fs that waveguide circuits can be used throughout, thus assuring 
extremely low loss operation. In additional, the structure can be made very short (in the sense of a 
general Ized f/y ratto) as compared with the optical structures, and comparable with aperiodic array 
techniques. 


In summary, this method can provide moderate element use factors with many of the advantages of a 
conventional phased array for the limited scan application. Gain variation with scan is the best of any 
of the techniques considered, as is boresight gain. The major disadvantage of the technique at present 
Is the relatively high far sidelobes; and It Its anticipated that spatia! filtering techniques will bring 
about a substantial improvement in this condition. Near sidelobes are lower than any of the optical 
techniques considered, and are at least as low as those of the apertodic arrays. 


5. CONCLUSION 


This paper has described a number of techniques for limited antennas and has compared these for PAR 
application. Reflector and lens structures have advanced to a point at which low element use factors 
are achievable with sidelobes at approximately the -20dB range and good scanning characteristics. 
Apertodic arrays have achleved the lowest element use factors with good peak sidelobe control, although 
with substantial average sidelobe levels. Finally, the mult!mode scanning technique shows promise of 
providing good element use factors with excellent efficiency and gain variation with scan. Successful 
application of this technique to PAR requirements will demand substantial Improvements In far sidelotve 
control. Work In progress Is addressed to providing this Improved performance. 
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Fig.4 Neur field Cassegrainian geometry 











Fig.5 Offset-feed Gregorian geometry 
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Fig.6 Dual lens limited scan concept (courtesy of C.H-Tang. Raytheon Co. Wayland, MA) 
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*THE COMMONALITY OF THE FOCAL 
OISTRIBUTION OF THE MAIN REFLECTOR 
ANO CONSTRAINED LENS IS ACHIEVED AY 
PHASE ADJUSTMENT AY THE PHASED ARRAY 
FECO AS A FUNCTION OF SCAN. 
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Fig.7 Reflector-lens limited scan concept (courtesy of R.Tang, Hughes Aircraft Co., Fullerton, CA) 





Fig.8 Aperiodic array for limited scan 
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Fig.9 Array element patterns of fundamental mode (Al = 0) and of fundamental mode with 
odd mode (Al = j0.77) (2.9 element separation in E-plane) 
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Fig.10 Active element pattern with odd mode chosen for N = —1 grating lobe cancellation 






PHASE SHIFT » 
(BEAM STEERING CONTROL) 


PHASE SHIFT 9 +4 
(BEAM STEERING CONTROL PLUS 
OD2 MODE AMPLITUDE CONTROL ) 


Fig.1 1 Even — odd mode power divider circuit for E-plane scanning 


sam alc aan nmsemncniehs iit AI nn nik sn niin ADA Ne na ashe 
oe cet ain ae at hl el ann RRR te 


RTE TET TE TT PRT TNE ETE SOT TTT TIE PEP TF FSA FOE VEE BEET ETP TEL ERT AI PB Ee m 
‘ 


32-12 









PHASE SHIFT 
athe 
{BEAM STEERING PLUS 00D 
MODE CONTROL E- PLANE) 
PHASE SHIFT 
(BEAM STEERING PLUS ODD 
MODE CONTROL EH) 


PHASE SHIFT 9 PHASE SHIFT 9 +Ay 


(BEAM STEERING) (BEAM STEERING PLUS ODD 
MODE CONTROL H-PLANE) 


Fig.12 Four mode horn and power divider circuit 





Fig.13 Prototype array for E-plane scan (W = 3.01) 
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Fig.14(a) Array radition pattern (broadside) 
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PERCUSSION 


Re REITZIG: In an array and reflector syatem with a lower number of elementary radiators 
and phase s. ter units, the randomising effect of the multitude of phase shifters in a 
conventiomal phased array cannot be utilised. Therefore an increased accuracy in the phase 
shifters is required. Could you comment on this especially with reapect to the technicologi- 

cal impact on the phaseshifters. 


RoJs MAILLOUX: Yes, you raise the point as to whether or not the search for techniques 


to reduce the number of array phase shifters might reach the stage of being counterproductive 
if the number of elements gets so small that very accurate phase shifters would be necessary. 
Obviously this would be the case if the arrays were not large in the first case; and indeed 
in such cases one would be better off to use conventional array technology. PAR antennas 
however are very large, and even with "element use fcctors" approeching unity, such arrays 
will heve more than 400 to 500 elements. With auch a large aperture, I do not expect that 
phase shifter tolerence will be a problem 


JeS- AJIOKA: Of the various limited scan techniques, you did not mention High Performane 
Space Feed (H.1.P.S8.AF.) of the Hughes Aircraft Coe Fullerton, Calif. sponsored by R.A.D-O, 

Whats the possibility or rotating the parabolic sub-reflector of fige 5 by 90° in a 
clockwise direction. With such a rotation the primary feed would point vertically downwards 
onto the sub-reflector. It seems that the off~axis aberrations with this change may cancel 
vetter because of symmetry. 

A desirable geometry for e dual reflector system is to have the aperture distribution 
dn the final (large) r.flector to be stetionery ct the expense of distribution scanning over 
the smaller sub-reflector. This distribution ecunning may be advantageous because this allow 
a greater degree of sub-reflector shuping (aeviation from a paraboloid for off axis 
aberration correvtion which is a function of scan, and since the distribution scans the sub~ 
reflector, shape tailoring may be done to a greater degree. Do you know of work done along 
these lines? Since Hughes is working in this field, we are interested in the work of others, 
possibly unpublished. 


RoJ- MAILLOUX: I hed no time to mention this in the oral presentation, but I Mave 
mentioned the overlapped sub-array technique in the text (page 32-3) and in the references 
(ref. 10). H.I.P.8.AF. is of course, the first practical demonstration of this technique ami 
was indeed successful. The work referred to on page 32-3 utilises thie technique for 
synthesizing the sub-element pattern, 

I should also note that we have conducted some overlapped array studies in-house at 
AP.O.ReL.; and a report om this work is in preparation. 

Your comment about rotating the sub-reflector 90° sounds reasonable, and I know of no 


other work along thes lims. 
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SUNNARY 


The fundamental modes of electrical oscillation of a helicopter are considered and their radiation 
patterns predicted. Soale model experiments have confirmed these predictions. ‘Two modes of rotor 
modulation are possible. These huve different characteristics, the first affecting signale at all 
azimths while the effects of the other are most apparent near to minima in the radiation patterns 


1. INTRODUCTION 


The basic radiation patterns for horizontally and vertically polarised radiation are discussed 
considering the helicopter structure as a resonator. The effects on these patterns of rotor rotation 
are predicted. 


A series of measurements of the radiation patterns of a / 20th scale "Whirlwind" helicopter have 
been made. These measured patterns illustrate and confirm the predictions made in the first part of the 
papers 


2. ‘THE RADIO FREQUENCY RESONANCES OF THE HELICOPTER STRUCTURE 


Two important resonances in the helicopter structure ocour in the middle of the HF band. These are 
illustrated in Figure 1. The first, in which the current flow is shown by the continuous lines, is that 
in which the fuselage of the helicopter resonates as a dipole. This will occur at a frequency when the 
fusel is about half a wavelength long (or a slightly lower frequency because the helicopter is a fat 
dipole). For a Whirlwind this would be at a frequency of about 10.5MHz while for a Wessex this would be 
at about 9.7MHz. This mode of resonance would lead to horizontally polarised radiation with the usual 
figure of eight radiation pattern of a dipole with, in the azimthal plane, one lobe directed each side 
of the fuselage, and zeros end on fore and aft. 


The second major resonance is one in which ourrents flow backwards and forwards from rotors to 
fuselage. ‘The current pattern is shown in broken lines in Mgure 1. The resonant frequenoy will be 
influenced to a certain extent by the form of the helicopter fuselage, but, to a first approximation it 
can be taken as that at which the rotor blades are a quarter of a wavelength long. The radiation of 
this current pattern is very simple — the radiations from horizontai currents on the rotors cancel as do 
to a first approximation those due to the forward and rearward parts of the helicopter. This leaves 
uncancelled the vertioal currents on the rotor drive shaft and rotor tower. These ourrents approximate 
to those of a Hertzian doublet, and there is an omniazimithal radiation of a vertically polarised signal 
with zeros above and below the helicopter. The resonant frequency for the mode in a Whirlwind would be 
about 9e3MHz and in a Wessex 8.4MHz approximately. 


These two resonances dominate the distributions of ourrent and consequently the radiation patterns 
in the midpart of the HF band. 


3¢ THE RADLATION PATTERNS AT RESONANCE 


The corresponding radiation patterns are shown in Figure 2 in which the continuous line shows the 
horizontally polarised dipole pattern of the first resonance and the dotted line shows the vertically 
polarised pattern of the second (rotormfuselage) resonancee In this figure the dotted circle has been 
drawn outside the figure of eight for clarity, in practice their relative amplitudes would be governed 
by a variety of factors including the quality of eleotrical contact between the rotors and the fuselage. 


The marked difference between the two radiation patterns shown in Mgure 2 illustrates the 
importance of the direction of polarization in the evaluation of the utility of the radiation of an HF 
installation in a helicopter. Thus there is good omniazimithal oover for vertical polarisation, but 
indifferent cover for the horizontal polarisation with nulls fore and afte These nulls would seem to be 
inescapable for helicopter operation in the wavelength band dominated by the first mode. 


It may be noted here that the Operational Kequirement for an HF system ought to specify the direction 
of polarisation required, and that it will be fruitless to demand good forward or rearward cover with 


horizontal polarisation. 
4+ THE RADIATION PATTERNS AT OTHER FREQUENCIES 


At frequencies above the resonant frequency the fuselage becomes a long dipole and the number of 
lobes in the pattern increases. Thue at double the first resonant frequency one might expect to have 
four lobes in the radiation pattern, however because of the gyrinine form of the fuselage the splitting 
into four lobes occurs at a somewhat higher frequency. The vertically polarised component of the 
radiation will not be affected by the current distribution along the rotor blades or fuselage but only by 
the ourrent on the central tower and rotor shaft. At the half wavelength resonance described above a 
maximum in the current standing wave pattern ocours on the central tower and rotor shaft and a relatively 
strong vertically polarised component is radiated, At about double this frequency the standing wave 
pattern will have changed so as to bring a minimum in place of the maximum and the vertically polarised 
radiation will be very mich reduced. 
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Au the frequency ia lowered from the resonant frequency the horizontally polarised component keeps 
ite figure of eight pattern with nulls fore and aft ~ it approaches that of a doublet. 


At frequencies below the resonant frequenoy the ourrent flowing in the rotor drive shaft and rotor 
tower will be very much less than at resonance and while ite radiation will be omniasimthal it will be 
at a low level and, as will te show in Seotion 6, it oan be masked by other sources of radiation. 


5e ROTOR MODILATION 


The rotation of the main rotor of the helicopter can produce an amplitude modulation of the signal 
tranemitted in any given direotion. There are two waya in which this modulation oan arise. 


Firstly the changing capacitance between the rotors and fuselage can alter the reactive load 
presented to the ATU and so modulate the amplitude. At operating frequencies olose to the natural 
resonant frequency of airframe this amplitude change can be double humped with a marked modulation 
component at twice the frequency at which the rotors arms cross the tailboom. At frequencies mich 
different from that of natural resonance the modulation will be single humped, the main component being 
at the frequency of rotor passes. 


It is to be noted that thia form of rotor modulation affects the signals equally in all directions : 
and is independent of the azimth of radiation. However there is another mechanism which gives a i 
modulation concentrated in certain aszimiths. This is illustrated in Figure 3. 


Consider a helicopter with one rotor blade aligned with the fuselage. Because of the symmetry of ‘ 
the rotor system it would not affeot the figure of eight horizontally polarised radiation pattern due to i 
ourrents on the fuselage. Next consider the rotor system turned through a small angle from the fuselage { 
axise In this arrangement currents induced in the rotors are equivalent to those in a dipole making the 
same small angle with the axis. The combined effect of the ourrente in the fuselage considered as one 
dipole, and those in the rotors considered as another dipole, world be represented by an effective dipole 
making an angle with the fuselage lieing between the fuselage and the rotor blade. 


Thus as the rotor blade rotated it would swing the figure of eight radiation pattern about the i 
fuselage axis through a emall angle, @. This is shown in Figure 3 where the solid and dotted lines show : 
the limits of pattern swing. For an observer at A looking up towards O there is little change in 
received amplitude as the rotor turns ie the rotor modulation is small. On the other hand for an 
observer at B there is a two to one variation in amplitude, while at @ the wignal would fall to zero and 
there would be 100% rotor modulation. It is to be noted that in contrast to the first form of rotor 
modulation which was independant of azimth, the second form of modulation varies in depth with bearing, 
being deepest in the region of a dip in the radiation pattern. 


As the rotors are horizontal in normal flight in general the second kind of rotor modulation, which 
ds azimth dependent, will be chiefly apparent on the horizontally rolarised component of radiation, and 
not on the corresponding vertical component. 


From the above discussion it would seem that the best precaution to take in order to limit rotor 
modulation of the first kind would be to ensure that the aerial system installed does not set up a high : 
field in the regions through which the rotors pass. Experiments with a wire aerial run up the tail boom : 
and left open circuited at the far end showed that this arrangement was very susceptible to rotor i 
modulation — mich more than when the same wire was short oirouited at the upper end. This is because with 
the open wire there is a field concentration at the upper end in the region through which the rotors pass, 
while with the wire short cirouited this field concentration is avoided. 


In these notes there has not been any mention of the modulation effects of tail rotors. Such 
modulation does ocoour, partioularly near the frequency where the rotor blades are a: quarter wavelength 
long, but as in general, this frequency lies outside the HF band this phenomenon has been omitted from 
this dusoussion. 


6- MEASURED RADIATION PATTERNS 


It is not possible to measure the radiation patterns at resonance without having some mechanism for 
exoiting the resonance. This mechanism in mst cases will radiate on its own acoord and so tend to mask 
the radiation of the basic resonance of the helicopter. 


In order to check the predictions of the previous Sections a 1/20th soale model Whirlwind helioopter 
was used. This was fitted with a notch antenna out into the fairing between the cabin and the tail boon. 
This installed notch is illustrated in Figure 4. It was convenient to use the notch as the mechanism for 
exciting the currents in the helicopter fuselage because it acts as a loop antenna and so does not radiate 
energy with horizontal polarisation. For this reason the radiation patterns of the horizontally polarised 
component from the helicopter resonance will not be confused by any radiation from the notch. However, 
the notch will radiate with vertical polarisation a figure of eight pattern with lobes fore and aft and 
deep mills to each side. It is to be expected that this radiation pattern will obscure the radiation 
pattern of the vertically polarised component from the helicopter resonance particularly at frequencies 
well away from the frequency of resonance. 


The measured radiation patterns are shown in Figure 5. The three diagrams in the left hand colum 
show the horizontal component of the radiation the upper at a measured frequency of G0Mis (scaled from 
4¥iiz) which is well below resonance, the middle one at about the resonant frequency (206MHs sosled from 
10,3Mis) and the lower one at twice the resonant frequency (400MHs scaled from 20Mis). From the 
foregoing discussion it is to be expected that these would not be affected by radiation from the notoh 
and that they should agree with the predictions of Sections 3 and 4. This is seen to be the case. At 
the resonant frequency the radiation pattern is that of a dipole a figure of eight with mile fore and 
aft. This is substantially unaltered at the lower frequency (It is not easy to distinguish between the 
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measured radiation patterne of a dipoln and a Hertsian doublet). At twice the resonant frequency there 
are the beginnings of a breaking up into four lobes. 


The diagram of the vertioally polarised component are shown in the right hand colum. As would be 
expected the radiation patterns are dominated by the fore and aft figure of eight of the notch radiation, 
partioularly at the frequencies well below ani well above the frequenoy of resonance. At the resonance 
frequenoy the radiation pattern is that of the expeoted ommiasimthal form with a distortion due to the 


figure of eight of the notch. 


Thus the measured radiation patterns confirm the predictions made in Seotjon 3 and 4 in partioular 
demonstrating the expected presence of fore and aft mila in the radiation pattern for the horizontally 
polarised component. 


The importance of the resonance of the helicopter fuselage has been demonstrated by unpublished 
measurements of the effeotive radiated power of an HF installation in which a marked peak was 
demonstrated near to the frequenoy of fuselage resonance as a half wave dipole. 


7. MEASURED ROTOR MODULATIONS 


The two diagrams of Figure 6 show measured horizontal plane radiation patterns recorded as the rotors 
of the 1/20th eoale model helicopter were rotated. Because the rotors were turned moh faster than the 
model under test, the rotor modulation appears as a scalloping on the diagram. The depth of modulation 
can be read from the diagram using the marked dB soale (5dB between heavy lines). Both of these diagrams 
were recorded near the frequency of resonance where the modulation effects are most marked. 


The upper diagram demonstrates the first kind of modulation desoribed in Section 5, which appears 
of the same depth at all azimthse As predicted this shows a marked double humping as the rotor arm 
brings the structure in and out of resonance. 


The lower diagram demonstrates the seoond kind of modulation in which the modulation is mech 
greater in the direction of the radiation minima than in other directions. It will be noted that in the 
rearward direction the modulation has a ratio of 25aB. 


8. LIMITATIONS IN THE OPERATIONAL USE OF HF AERIALS ON HELICOPTERS 


The radiation from a helicopter in the HF band is complex with both horizontally and vertically 
polarised components. The radiation patterns of these components are dissimilar anc it is important to 
keep olearly in mind which component is being utilised in any given communication system. 


The horizontally polarised component is radiated with a lobed pattern. These patterns are figure 
of eight for most of the frequency bande In this case the nulls gre such that the signal level will be 
more than 10dB below that at the peak of the lobe for a sector 35° wide about each nulle Operational 
planning met accept the inevitable fact that these nulls exist and that they extend to nose and taile 


Rotor modulation of the horizontally polarised radiation from helicopters can be extremely deep over 
narrow angular sectors but a fading ratio of 10dB is not unusual over a seotor of say 30. If there is 
plenty of power in hand the AGC oan cops with this modulation as the frequency is low (in the band 
10=20Hz). Unfortunately the depth of mdulation is usually deepest in the directions of minima in the 
radiation pattern ~ that is in circumstances in which the AGC would not be in operation. 


The vertically polarised component has a generally omiazimthal configuration near resonance and 
so is but little affeoted by rotor modulation. At high and low frequencies mills appear in the radiation 
pattern. They oorrespond in direction to the mulls of the notch aerial used in order to exoite the 
helicopter fuselage. 


The effects of the different radiation patterns anc of rotor modulation on data link oirouits require 
cureful studye The use of polarisation diversity also requires consideration. 
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The two principal resonance modes in a helicopter 
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Fig.2 Radiation patterns of the principal modes 
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Fig.3 The geometry of rotor modulation 





Notch in fairing between 
cabin and tallboom 


Fig.4 The siting of the notch antenna on the model helicopter 
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SUMMARY 


The advantages of phased array antennas are evident but they have to be paid for 
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by considerable technical and financial expense. It may be reduced by “thinning” the 
array, i.e. by distributing only a few elements in an extended regular grid of a con- 


ventional "filled" array with one-half wavelength spacing. 


In designing large arrays statistical methceds for the element arrangement are 
used and from these only statistical information can be obtained with regard to 
resulting radiation patterns, 


The paper commences with a survey of the well-known statistical relations between 
element distribution and radiation pattern of density-tapered arrays. Following a 
discussion of the statistical distribution of the signal energy in sidelobe direc- 
tions, the effects on the radiation pattern of a special element distribution, i.e. 
the minimum distance of half a wavelength between adjacent elements is increased to 
one wavelength, are also treated. The paper concludes with a brief study concerning 
the problems which are caused by the digitally controlled phase shifters commonly 
used in phased array technique. 


1. INTRODUCTION 


For several applications, e.g. in radar and navigation, an increasing popu- 
larity can be noted for phased arrays, i.e. antenna arrays whose radiation patterns 
can be scanned by phase control of discrete antenna elements. 


Experimental systems developed so far vary considerably in structure and 
dimensions. There are arrays with a few elements placed in a line, up to arrays with 
some thousand elements arranged on flat or curved apertures. Ali systems princi- 
pally consist of three essential parts, i.e. radiating elements, phase shifters, and 
feeding network. The advantages of such antenna systems for radar technique originat 
from the lack of any mechanically moved parts. This allows an extremely fast beam 
scanning and thus special kinds of target tracking. The enormous costs however are 
a disadvantage of such a system. 


A regular array with a radiation pattern of small beamwidth for a surveil- 
lance- or target-tracking radar has a large number of elements, which must be 
arranged at 2/2-distance to avoid the occurrence of grating lobes, also in case of 
beam scanning. To get a beamwidth of 1° it is necessary to arrange about 10000 
elements on an aperture. 


By "thinning" the array, i.e. by distributing only a few elements on an 
extended regular grid of a conventional "filled" array one can considerably reduce 
the expense without loss of resolution, i.e. without enlarging the beamwidth of the 
antenna. Furthermore a decrease of the rather disturbing effects of mutual coupling 
can be expected. A disadvantage, however, results from the thinning by a loss of 
germ accercsne to the smaller number of elements and an increase of the sidelobe 

evel, 


So far no methods have become known for an optimal distribution of the 
elements of a thinned array with respect to the radiation pattern. Only for small 
arrays there are iterative numerical approximations (Baklanov, Y.V., et al., 1962), 
(Skolnik, M.I,, et al., 1964a),. With larger arrays only statistical methods can be 
used, naturally yielding only statistical information of the expected radiation 
peyeene sa 1968), (Lo, Y.T., 1964), (Willey, R.£., 1962), (Skolnik, M.I., 
et al., 1 e 


Statistically thinned antenna arrays (density tapered arrays) will now be 
considered; their elements are distributed on a A/2-grid. First a survey of the 
well-known statistical relations between element distribution and radiation pattern 
of such antenna arrays is given. 


Furthermore the energy from sidelobe directions and problems due to the 
digital phase shifters, which in most cases are used for such arrays, will be 
treated. Finally a discussion of arrays with a modified element distribution is 
presented. These arrays have a minimum distance of 7 between adjacent elements, 
while the elements are distributed on a A/2-grid. Most of the studies will be done 
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with linear and planar arrays. Only the array factor resulting from the geometric 
distribution of the elements will be investigated. The influence of mutual coupling 
between the elements will be neglected. 


2. MAIN BEAMWIDTH AND SIDELOBE LEVEL 


Fig. 1 shows an arrsy whose elements are arranged on a grid in the xy-plane 
of a Cartesian coordinate system. The direction of the observed point is given by 
the usually used angles and ¥ of a spherical coordinate system. The sum of the 
elements in the positions 9/ with the amplitudes Tyyand the phases depending on 
! the scan angle ,% yields the array factor 


: ge S Typ 0 tlre eed) plored 
ee Ly +? ne 
: ? # 


(1) 





with Yop =~ (Puke tp Me) = -2r (942 an Awe 9g tp Ia sine singy) 
u-uoe 2% bf (sn woy-sin ange) , V- ve = drop (om Ssing-sinhsing,) 


In distributing the elements of statistically thinned arrays one generally tries to 
get a good approximation of the aperture iliumination of a favourable amplitude 
tapered reference array, e.g. the current distribution for a Dolph-Chebyshew pattern. 
This approximation is shown in fig. 2 using a linear array with elements distributed 
on the x-axis. The current distribution of the reference array (solid curve in fig. 2), 
referred to its maximum value, is taken as probability of placing an element at a 

grid position. The probability of placing en element at position » is: 


Ps = aly 1 (2) 
where “ is an additional thinning factor, responsible for the average number V ot 
elements 

W-a Zs (3) 
in the array. A random experiment assigns a number 0¢ Z, <1 to each grid point and 
an antenna element with amplitude Ay = 1 if Zyépy. Taking a sufficient number of 
element distributions generated in this way the average element density of a grid 
point is: 

As=Fy* a ly / (4) 
and the average array factor 

> Tl» (e- Ue) 
fiw Z LAE (5) 


equals the favourably chosen array factor of the reference array. 


The array factor of thinned arrays has been studied in a considerable number 
of papers using statistical methods (Skolnik, M.I., et al., 1964b), (Lo, Y.T., 1064), 
(Lo, Y.T., 1968). Thus we may restrict ourselves to the more important resulta. 
The main beamwidth of thinned arrays mainly depends on the geometric ‘mensions 
of the array and much less on the chosen reference aperture illumination, so that 
it can be determined from the antenna length L in the respective plane and a factor 
Ami, which depends on the reference array: 


By * Ath 8) 


The directivity of regular filled, planar arrays can be calculated under certain 
conditions, by integrating over the array factor (Hansen, R.C., 1966). For large 
statistically thinned arrays the following good approximation formula for the 
directivity as a function of the scan angle may be obtained: 


Wile CAR) (Ta) 


ee" 
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As an exception in (7a) the pattérn c rr) and the directivity of the elements 


are considered. A necessary condition for (7a) to apply is that the single element 
patterns are not disturbed by mutual coupling effects. At high thinning (%<<7) the 
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dependence of the directivity as a function of the scan angle and the element dis- 
tribution, represented in the value QR, the directivity of the unscanned reference 
array, is low and for the limiting case results ini 


Qe N-De +67 (yp) (7b) 
whereas for filled arrays (ae? , Lye?) the well-known relation 
= JDn,»00 d; (7c) 


ia valid. 


The sidelobe level is affected by both, the degree of thinning and the 
positioning of the elements. For the average sidelobe attenuation we obtain 


— 1 SF Thy 
IM? =—s37— (1-0 / (8a) 
Paging! get)? 
and for a high degree of thinning (“<<7), equation (8a) is simplified to (8b) 
MPa Fi; (eb) 


i.e, the average sidelobe attenuation is inversely proportional to the number ot 
remaining elements. For practical use not only the mean value of the array factor in 
the sidelobe region but also its distribution function is of interest. For a high 
degree of thinning («<7) and as etric reference illumination with sufficiently 
high sidelobe attenuation (/M|/<<@ ) the well-known Rayleigh distribution function is 
obtained 


Plimié i) = (7-e °°" ) (9) 


with a non-directional variance 


‘ 


ae = 7 ~ Lie 
of in (t-« £87" ei (10) 


The distribution function for the whole sidelobe region is the product of discrete 
distribution functions, according to (9) in m independent directions: 


~Miya 
PUmalM]) = (1 -e 2" )” (11) 


A considerable disadvantage of thinned arrays compared with regular amplitude 
tapered arrays is the small sidelobe attenuation. Fig. 3 shows as an example the 
average and peak sidelobe level for thinned circular planar arrays with diameter 
D = 402. According to (8b) the average sidelobe level is shown as a function of the 
number of elements in the arrays. The curve above shows the theoretical limit of the 
Fa en attenuation, which can be realized (Mattson, E., 1971), (Andreasen, 
M.G., 2): 


Ips & (1- LA) (12) 


In practice the peaks of the sidelobes of a thinned array belong to the hatched 
region of fig. 3. According to (11) the probability for the peaks not exceed this 
region is 99% and 1% in the opposite direction. Because of the small influence of 
the element distribution on the main beamwidth and directivity the following studies 
are limited to the sidelobe region. 


3. SIGNAL ENERGY FROM SIDELOBE DIRECTIONS 


Because of their small sidelobe attenuation thinned arrays are considerably 
responsive to clutter and interference over the sidelobes. In the following, 
therefore, consideration is given to sigral energy received from sidelobes of thinned 
arrayS, i.e. the ratio V of the signal energy and the respective value in the main 
beam direction (Ries, G,, Séntgerath, W., 1973). 

It is known that the array factor has a Rayleigh-distribution in the sidelobe 
region. If the facility only transmits or receives (one way mode gt propagation), the 
signal energy from the sidelobe directions is proportional to |Ml¢, and for the 
distribution function we obtain: 

ee 
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This is the average sidelobe level according to (8b). Fig. 4 shows, according to 
(13a), the théoretical distribution function for an array with a diameter of 402 and 
500 elements. The curve is well approximated by the frequency distribution curve, 
also shown in fig. 4, which has been found for such an array bv classification of 
calculated values of attenuation in about 1000 independent sidelobe directions. 


An especially critical role is played by the high sidelobe level of thinned 
arrays in case of radar at intensive disturbances due to echo. In the usual case of 
using one antenna for transmitting and receiving, for the distribution function of 
the signal energy from sidelobe regions follows: 


ete? 


Rivyj= Jet alt= 7-€ (14a) 


with =: 
p= Geo, (14b) 
The distribution function according to (14a) and a respective frequency distribution 


curve, calculated from experimental data, are also shown in fig. 4 and agree suffi- 
cientiy with each other. 


If different antennas are used for transmitting and receiving, the distribu- 
tion function of the signal energy from the sidelobe directions is: 


Voo 
Vv! Mf? yy 
RW= ff ps UP) Pe ge] _ We f- = I x (fe z) (15a) 
60 
Vy = 4 05°.02 , (15d) 
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Mg, Mg and Ng, Ng respectively are the array factors and numbers of elements of the 
tansnitting: and the receiving antenna. K; its the modified first order Bessel-func- 
tion of the second kind. Compared with the case above, where the same antenna was 
used for both eee gets o receiving, a reduction of the average signal energy 
of 3 4B results (Ng # N), if the correction factors in Og, Og are neglected, 
as equations (14b) Te Stas) show. If, however, the total num er of elements is not 
increased and Ne = Ng = N/a, the average signal enone? is enhanced by 3 dB. The 
distribution function according to (15a) with N. = 250 elements and the already 
arecequnce array parameter is shown in fig. 4, Bicachs er with a calculated frequency 
stribution. 


As a summary of the discussion above we can say that with eae given number of 
elements the expected everage signal energy from the sidelobe directions will just 
be minimal if all elements are used for transmitting as well as for receiving. 
Distributing the available elements onto two separate antennas a minimum enhancement 
of 3 dB is obtained. 


4. ARRAYS WITH ENLARGED MINIMUM ELEMENT DISTANCE 


The elements of an array antenna are usually distributed on a A/2-grid, so 
that the minimum distance of adjacent elements is 2/2. In some cases a larger dis- 
tance may be necessary, e.g. if elements with geometric dimensions greater than 
a/2 are used. In this case an additional condition on the element distribution at 
the or a-en se has to be introduced, which guarantees a minimum element distance of 
one wavelength. The influence of this additional requirement on the array factor 
will be discussed below. This method of thinning does not lead to grating lobes. 
However, an increase of the sidelobe level cannot be avoided in the direction in 
which grating lobes in not thinned arrays with A~element distance would appear. 
Fig. 5 shows the array factor of an array modified accordingly. The aidelope level 
is raised in the region (u-ug)a¥ i.e. J 90°, 


For the theoretical investigation of thinned arrays with enlarged minimum 
element distance the same statistical methods are used, as described above. To get 
a simplification of the problem linear arrays are investigated. The distribution of 
the elements is done by the already known random experiment, takin once aoe ta 
however, the additional condition of a minimum element distance orn. T 
the mean the given exitation for each position according to equetion (3) . iaitael 
probability for the random experiment must be modified to: 
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Real and imaginary components of the array factor are asymptotically normally dis- 
tributed. In this special case the variances depend upon the direction (u-ug). We 
obtain for those variances in the sidelobe region (Ries, G., Sintgerath, W., 1972): 


| a 1p ow vidi mgt 
ak oteoteu abl agz - 2a cate) 2 tg ora cod A wad F cao bese 2g | (17) 
» , 


For a high degree of thinning, the part in (17) depending on the direction vanishes 
and equation t17) is reduced to (10). As an example fig. 6 shows the variance for 
different degrees of thinning of a linear array with 101 grid positions and a refer- 
ence exitation according to Dolph-Chebyshev. Also shown is the respective mean value 
of G2 equalling the variance according to (10), i.e. no dependence on the direction 
for arrays without additional requirement. Thus, at a high degree of thinning, o¢@ 
remains almost constant over (u-uy), whereas at a lower degree a considerable raise 
towards (u-u9)*% results. For (u=u9) = 7 the imaginary component of the array 
factor vanishes. The real component is normally distributed in this direction and 
its variance - by a factor 2 —- greater than the variance, resulting from (17) with 
(u-u,) =%. The variance which has been calculated by numerical computer experiments, 
is also shown in fig. 6 for N = 25 and a sample size of 300 different arrays and is 
quite close to the theoretical function resulting from (17). 


Under the assumption of a favourably chosen reference exitation ( o->>/M ) the 
bivariate normal distribution of the array factor can in this case also be trans-~ 
formed into a Rayleigh-distribution according to (9), and for the total distribution 
function resulting from the product of the respective discrete distribution functions 
from all independent directions m we obtain: 

M2, 


rioveonyeff ie tn i 


Fig. 7 shows the frequency distribution curve of the minimum sidelobe attenuation 
for the whole sidelobe region, calculated from the array factors of 400 different 
arrays with a minimum element distance of 2% . It is a good approximation of the i 
distribution function resulting from (18). To have a comparison, the distribution ' 
function according to (11) 1s also shown. An extension of the theory to planar | 
arrays is done approximately in (Ries, G., Sintgerath, W., 1972). 


5. EFFECTS DUE TO PHASE QUANTIZATION 


Additional changes - especially in the sidelobe region - result from the phase 
steering. Phase steering by digital phase shifters leads to maximum phase errors 


5 I-F (19) 
where b is the number of bits of the phase shifter. These errors must be taken into 
account with respect to equation (1). A phase error with a saw-tooth shaped changing ; 
over the array (fig. 8a) resulting from electronic pattern scanning with simple phase i 


computers, leads, also for thinned arrays, to the well-known quantization lobes 
(Cheston, T.C., Frank, I., 1968) with the following amplitudes: 


ig) % 
x= to (20a) 


FO 
ge * Uo (14.20:2°) (200) 


Fig. 9 shows a calculated example together with the theoretical positions and empli- 
tudes of the quantization lobes according to (20a,b). Means to reduce such pattern 
disturbances have also been eueferees (Miller, C.J., 1964). By superposing a random 
phase error one bas the possibility of varying the resulting phase error, equally 
distributed in a limited region, about the nominal phase, as sketched in fig. 8b. 
Here we shall show the resulting rest effects (Ries, G., Sintgerath, W., 1970). The 
respective phase control should be a random choice, so that the phase errors of all 
elements are mutually independent and, with frequent repetition equally distributed - 
region (4°2%7/24) - about the nominal phase. The array factor of the array above 
with such a phase shape is also shown in fig. 9. 


For a large number of statistically chosen peeeee of an array the Central ' 
Limit Theorem guarantees a bivariate normal distribution of the array factor. The : 
average array factor equals the erray factor in case of the nominal phase M,, with i 
the exception of a constent factor 


Me cord, “My . (21) 
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The yernencee of the real and imaginary parts of the array factor are approximately 
equal to 


Ea 
Ga Ge ora = she 7 (22) 


whereas the covariance can be neglected, so that a Rice-distribution results. In the 
interesting case of sidelobe peaks /Mj>7?&,; approximately a one dimensional normal 
distribution results: 7 2 

_ Ladi) 


pUMi)= SE e °% (23) 


The standardized distribution function according to (23) is shown in fig. 10. Also 
shown is the respective frequency distribution. Ad hoc the array factor of a thinned 
array has been calculated in one direction with 400 different statistically distri- 
hehe phase errors. The theoretical mean value from (21) was 0.3690 and 0.3711 from 
400 trials. 


Because of the already high sidelobes the phase shifter digitizing effects 
together with a statistical additional phase are very small. This is different in 
case of filled arrays. In spite of an extremely high sidelobe attenuation in case 
of nominal phase, the average attenuation of these statistically distributed side- 
lobes caused by quantization amounts only to the double of the variance according 
to (22), 4.e. near 43 dB for an array with 1000 elements and 3-bit phase shifters. 
This effect should always be taken into account to avoid a too negative judgement 
on thinned arrays because of their high sidelobes. For the array above the average 
sidelobe attenuation is, according to (8b), 30 dB. 


The influence of the investigated phase behaviour on the main beam, reaults 
in a directivity reduction and a beam pointing error (Ries, G., 1970). This effect 
is small and has not been dealt with in this paper. 
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Fig.! Coordinate system 
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Fig.3 Average and minimum sidelobe attenuation of planar circular arrays 
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Fig.4 Distribution functions and frequency distribution of the signal energy 
from sidelobe directions 
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Fig.5 Array factor of a linear array with enlarged element distance 





Fig.6 Variance of the sidelobe level of linear arrays with enlarged element distance 





SUS EER ES PAA EP PT A TT ee nw 


34-9 





099 
0,95 
= 
” 09 
= 
05 
#oe min.eiement distance A 
=== min.element distance A/2 
ne101,d2A/2,N220 
40-d8 Dolph-Chebyshev 
reference illumination 
0,1 
0,05 
001 | “5 dB 0 


IM] ———+ 


Fig.7 Distribution function and frequency distribution of the minimum sidelobe 
attenuation of linear arrays (Rayleigh distribution) 
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Fig.8 Periodic (a) and irregular (b) phase errors 
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SUMMARY 


Building antennas into an aircraft is frequently optimized by electromagnetid modeling. Nevertheless 
official registration will depend on proving a certain coverage by in-flight measurements of radiation 
patterns from the actual aircraft. Moreover if additional antennas have to be attached to an aircraft later 
on, in-flight radiation measurements might be a more economical solution. 


This paper deals with an in-flight measuring system which is completely independent from ground- 
based position finding equipment like radar and kine theodolites. The measuring method is based on VOR 
(Very High Frequency Omnidirectional Range System) and DME (Distance Measuring Equipment) information ob~ 
tained on board the aircraft. This information is telemetered together with the other necessary parameters 
like heading, altitude, pitch and roll angles. These parameters are used to calculate the aspect angle and 
the distance of the aircraft from the ground based field intensity measuring device. 


Real time calculation is done on a digital computer. The computer output supplies aspect angle and 
distance corrected field intensity as well as flight-path parameters in analog voltages for graphic pre- 


sentation. 


Afcez @ detailed description of the measuring method and system some examples of measured patterns 
are shown. In addition the magnitude of possible errors in the plotted radiation patterns are discussed. 


INTRODUCTION 


Antenna radiation patterns are normally measured in a test range, where the antenna under test can 
be rotated in two planes simultaneously. Thus a coverage of the whole sphere is achieved. Attached to an 
aircraft movemencs of the antenna are restricted to possible maneuvers of the aircraft. Horizontal patterns 
can be caught by flying the aircraft on a horizontal circle. If the circle is flown with different angles 
of roll, radiation patterns in the corresponding inclined planes through the aircraft's roll axis are 

' caught. If the antenna under test is acting as a transmitter, a receiving antenna has to be located in the 
plane of the circle flown. In flat country this requirement cannot exactly be met with a ground based re~ 
ceiving antenna. But a distance of 40 km between flight path and receiver results in a deviation of only 
a few degrees. Vertical patterns are achieved by flying across the receiving antenna. These patterns are 
normally restricted to a range of 180° (below the fuselage of the aircraft) and may be slightly extended 
by the maximum allowable in-flight angle of pitch of the aircraft. 


As will be shown later on, the locating of the aircraft must permanently be known during radiation 
Pattern recording. VOR/DME is a well known position finding system installed in almost every well-equipped 
civil aircraft. On board the aircraft this system measures the angle 9 between the north direction and the 
line aircraft-VORTAC station (TAC for TACtical air navigation system, the distance measuring part of which 
is used) as well as the distance p from aircraft to station (Figure 1). This equipment has been choosen 
because an available radar set did not suffice in range and the VOR/DME equipment is much less sophisticeted. 


In the VOR part of this navigation system angle information is obtained by amplitude modulating a 
VHF carrier (108 - 118 MHz) with a 30 Hz signal. The phase of this signal depends on the azitwth angle 8. 
Reference phase is transmitted by an addicional 10 kHz subcarrier, which is frequency modulated by 30 Hz. 
In the OME part the distance from aircraft to VORTAC-station is measured by the travei time of 3.5 us double 
pulses with a pulse distance of !2 us modulating a UHF carrier in the 962 to 12/3 MHz band. The responding 
frequency has a 64 MHz offset (Reference [1]). 


HORIZONTAL PATTERN ANGLE OF ASPECT 


The horizontal radiation pattern of an aircraft antenna is the radiation intensity versus the angle 
of aspect in Figure |. @ is the angle between the axis of roll of the aircraft and the axis of sight d, 
1f the radiation intensity is measured at test point M. Several other parameters denoted in Figure | are 
needed to determine ¢. The angle of heading 4 criented to north ie normally derived from a gyro system on 
board the aircraft. The angle 9 is delivered by the VOR equipment. Determining the distance e from test 
point M and VORTAC station as well as angle a is a problem of geodesy if the geographical coordinates of 
point M and the VORTAC station are known. The distance d between aircraft and test point M results from 


application of cosine law to Figure | 


(1) a - eo” + e = 2pe cos(a-8) 


The angle y can be derived by applying sine law to Figure | 


(2) y = arc sin [(sin(a-0))e/d] 
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Now the angle of aspect ¢ ia determined by the following relationship 
(33 @ = 180° - (y-8) - 4 


As has been shown in Reference [2] this angle of aspect must be corracted if the angle of roll of 
the aircraft exceeds certain limits. The reason is that the angle of aspect must be determined in an air- 
craft oriented co-ordinate system while angles of heading and VOR are expressed in a ground based co~ 
ee system. If ¢ is computed by Eq (3) and the angle of roll is denoted by 9 the corrected angle of 
aspect is 


(4) $.. = arc cos ( (cosy, \ 1-(sing sine)” ) 


Up to an angle 9 of 20° the angle of aspect is in error by less than 2°. With larger angles of roll 
correction becomes inevitable as is shown by Figure 2. 


Due to the altitude h of the aircraft the distances p and d,in Figure | are slant ranges. This must 
be taken into account in Eq (1) and (2) for values of p and d < h°/0.2 km if the maximum error is to be 
<0.1 ko. 


The flight path in Figure | need not be a circle. Any flight path with constant altitude is possible. \ 
The only condition is that the aircraft must fly a complete 360° curn, 


be 
* VERTICAL PATTERN ANGLE OF ASPECT 


The vertical radiation pattern of an aircraft antenna is the radiation intensity versus the angle of 
aspect 6 measured between the axis of roll and the axis of sight d with respect to test point M in Figure 3. 
Again some more parameters are needed for computing 8. The angle of pitch 6 is measured between the axis 
of roll and a horizontal line and is derived on board the aircraft from a vertical gyro. 


The altitude h is computed from static pressure p,, which is also measured on board the aircraft. 
Denoting atatic ground pressure by Po and the absolute Bround temperature by T, h becomes (Reference (3]) 


1 Py 0.1903 
(5) beget (Ug | im 


The distances p and e have already been mentioned in the horizontal pattern description. The distance : 
a in Pigure 3 ie given by 


(6) a= Vo? -h? -e : 
and the angle ¢ becomes 
(7) t= arc tan (a/h) 

Now the aspect angle 8 is simply 

(8) @= 90° +56 -¢ 


The distance d between aircraft and test point M is also needed for correction of field intensity 


(10) d« ho +a 


MEASUREMENT OF FIELD INTENSITY 


The field intensity measured at point M in Figures ! and 3 depends on the transmitter power on board 
the aircraft, the aircraft antenna radiation pattern, the distance d, the ground reflections, the radiation 
pattern of the field-intensity test antenna and the polarization efficiency of the link. The radiation 
pattern of the aircraft antenna is the only desired parameter, All other parameters have to be made in~ 
effective or compensated. 


The transmitter power on board the aircraft can be kept constant by a stabilized power supply. 


Variations in distance d are corrected by the link atrenuation factor D 
d 
(11) D = 20 1og ( £) 


For recording of horizontal patterns in the VHF range ground reflections are taken into account by 
Operating the test antennas in the "ground reflection" mode (Reference (4]). Thie weans, that the radiation 
pattern of the test antenna mounted a small distance above ground consists of a series of lobes in the 
vertical plane due to interferences between the direct ray and ground reflected rays. The antenna height 
above ground must be adjusted so that nulis are avoided in the area of the elevation angle in question. 

In the UHF range the directivity of the test antennas cen easily be increased avoiding interfering re- 
flections. For the measurement of vertical patterns steerable gntennas with high directivity are preferred 
because the elevation angle has to cover a range of nearly 180° without nulls. Another approach mainly 
applied to low frequencies is a dipol close to the reflecting ground. In this case the received signal has 
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to be corrected by the radiation pattern of the receiving antenna. 


Aircraft antennas are normally polarized vertically or horizontally. Variations in angle of roll 
of the aircraft will cause variations in polarization angle at the receiving station. If a linearly po- 
larized receiving antenna is used, the correction factor k in received power depends on angle of roll qg 
and corrected angle of aspect %, (Reference [2]) 


(2) k= cons + (sind, sine)? 


A more convenient method is to use a circularly polarized ground antenna. No correction is needed 
if exact circular polarization can be achieved. The short helical antenna shown in Figure 4 achieves an 
axial ratio of 1 if a conducting disc is arranged at the free end of the helix. Without disc the axial 
ratio of this antenna falls below 0.6. A more detailed description is given in Reference [5]. 


INSTALLATION OF THE MEASURING SYSTEM 


With one exception all parameters in this system are obtained on board the aircraft. To process this 
information on ground and to synchronize the on-board derived data with the ground-measured field intensity 
a@ telemetry system must be used. Normally the required accuracy of less than | % error in some channels 
would have led tu a PCM system. On the other hand much cost could be saved using an available IRIG telemetry 
system (Reference [6]} with proportional-bandwidth FM subcarrier channels. The accuracy problem has been 
solved by splitting up signals with allowable errors below | % into a coarse and a fine component. A dis- 
advantage of the coarse~fine transmission is the large required bandwidth due to the steps occuring in the 
coarse and fine channel simultaneously, when the fine channel falls from maximum deflectien to zero or vice 
versa. 


The complete airborne system is shown in Figure 5. It consists of the necessary transducers and 
transducer systems, the coarse-fine splitting and eignal-conditioning circuits matching the transducer 
outputs (potentiometers for pitch, roll and altitude, voltages for DME and synchros for heading and VOR) 
to the inputs of the voltage controlled frequency modulated subcarrier oscillators (VCO). The VCO outputs 
are now mixed and the composite signal frequency modulates the telemetry transmitter. Transmission is 
possible in the VHF and UHF telemetry bands. Small airborne transmitters exciting the antennas under test 
in question have been built. They are covering the frequency ranges of currently installed radio aids in 
civil and military aircraft. 


Though the whole airborne system including VOR and DME is constructed as a black box (Size 0.3 n°, 
weight 75 kg, power consumption 300 VA) the aircraft's VOR and DME antennas are needed and a telemetry 
antenna must be installed. If the radiation pattern of the VOR antenna itself has to be measured, this an- 
tenna can be excited via diplex equipment at the same time. Moreover this diplexer operates the VOR system 
in the cockpit of the aircraft if the VOR antenna is not excited. During pattern recording of the DME an- 
tenna the DME equipment can be switched to the secondary radar transponder, which has to be turned off. 
During the measurement of radiation patterns the aircraft's own DME equipment is inoperable if it is equipped 
with only one DME antenna. 


In the ground station (Figure 6) the received telemetry signal is heterodyned down to a low inter- 
mediate frequency, that can be directly recorded on magnetic tape (predetection recording) parallel with 
the field-intensity signal. So all information is stored even if the equipment fails in the subsequent 
part of the system. After demodulation of the radio frequency carrier the individual subcarriers in the 
composite signal are separated and demodulated by the subcarrier discriminators. The outputs of the dis- 
criminators as well as the output of the field-intensity meter are sampled by a commutator and digitized 
by a PAM to PCM converter 10 times per second each. The composite subcarrier signal, the PAM pulse train 
at the commutator output and the field~intensity signal are recorded on a second magnetic tape recorder 
(postdetection recording) for reproduction purposes of the measurement results. 


All digitized data is transferred to a computer. First of all the coarse-fine channels are recombined. 
Then the horizontal angle of aspect @ is computed 30 times per second according to Eq (1), (2) and (3) or 
the vertical angle of aspect 6 according to Eq (5), (6), (7) and (8). Furthermore the above mentioned 
corrections are made in accordance with Eq (4), (10) and (1/). Limit exceedances for instance in angle of 
toll or pitch, are checked and printed out. Finally flight-path and radiation-pattern information which are 
present in polar co-ordinates are transformed to Cartesian co-ordinates by the computer. After digital to 
analog conversion real time recording of radiation pattern and flight path is done by two analog x-y-recor- 
ders. Each x- and y~output parameter is calculated 30 times per second. 


ERRORS OF THE SYSTEM 


The measured radiation intensity is normalised to its maximum value. Recording of one pattern will 
last only a short period of time. Therefore the gain etability of the field intensity measuring device in- 
cluding exciter transmitter is not critical. The asin errors are caused by the amplitude characteristic 
ofthe logarithmic amplifier, which is specified to + 1.5 dB error over s full range of 70 dB. 


In horizontal pattern recording angle of aspect errore are caused by different influences. Errore 
in angle of heading ¢ will fully enter into the aspect angle ¢. They can be kept below | if an airline qua- 
lity gyro is used. VOR/DME errors in the order of + 3° or 0.2 km enter into the aspect angle to a degree, 
which depends on the position of the aircraft compared to the VORTAC station in question and to the msasur- 
ing pointe M in Figure 1. Optimum conditions are achieved, if the points M, VORTAC and aircraft position in 
Figure ) are shaping 8 right triangle with the right angle at the aircraft's position. Then s very small 
DME error of only 0.3° (at d © 40 km) enters into the angle of aspect. Under this condition the VOR error 
primarily enters into distance d only with a value « + 1.5 km if p < 30 km. Under these circumstances the 
error in distance correction of field intensity remains < 0.3 dB, 
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When vertical patterns are recorded the error in angle of pitch fully enters into the angle of 
aspect ®, It is caused by the vertical gyro and can be kept well below 1°, Errors in altitude h and distance 
p measured by DME are more severe. After Figure 7 the error in angle of aspect depends of @ and becomes at 
most 1.2°, if an altitude of 6 km is measured with an error of 0.2 km, which is realistic. Under the same 
altitude condition a maximum error of A@ = 2 results from a DME error of Ap = 0.2 km (Figure 8). Fortunate- 
ly the maximum errors caused by inaccurate altitude and distance measurements do not occur at the same 
angle 6. 


MEASUREMENT RESULTS 
In Figure 9 the measured horizontal radiation pattern of a UHF telemetry antenna is shown, consisting 
of a one-quarter wavelength rod attached to the lower side of the fuselage of a small aircraft (Piaggio 
P 149 D). The exciting frequency has been 1.475 GHz. Variations in radiation intensity over a range of 
10 dB can be observed. In Figure 10 the pattern of the same antenna is given measured during a left turn 
of the aircraft with a roll angle of 20. In this case the variations in radiation pattern are up to 30 dB, 
mainly caused by reflexions from the aircraft's wings. 
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Figure 2: Error 4¢ in angle of aspect caused by angle of roll ¢ 
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Figure 3: Determination of vertical angle of aspect 0 
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Figure 4: Circularly polarized receiving antenna 
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Figure 6: Ground part of the measuring system 
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Figure 7: Error .@ in vertical angle of aspect @ due to altitude errors 4h 
h = 6 km @ = 16,67 km 
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Figure 8: Error 48 in vertical angle of aspect 6 due to DME errors Ap 
h = 6 km @ = 16,67 km 





Figure 10: 
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DISCUSSION 
R.H GARY: I notice in Fige 9 a 10dB difference in one side end the other at some 


angles. 25 oA comment that apparent differences are often unpredicted and difficult to explain. : 
How do you ascertain the gain or efficiency of the antennae Do you solve this using i 
the propagation equation? ; 


EH, BOTHE: Inthis case these differences can be caused by an asymmetrical mounting of the 
L-Ban elemetry antenna under test to the lower side of the fuselage. Besides that, some i 
other antennas near the antenna under test probably influence the radiation pattern 

The gain or efficiency is not measured. We only measure the relative radiation 
characteristics, 
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DYNAMIC MEASUREMENT OF AVIONIC ANTENNAS 





I.D. OLIN 
E. E. Maine, Jr. 
U.S. Naval Research Laboratory 
Washington, D.C., 20375, USA 


SUMMARY 


The equipment, data handling, flight control and some of the results obtained with a system specifi- 
cally designed for dynamic measurements is described. The determination of aircraft aspect angle uses an 
approach based on measurements made at the ground radar site with the aircraft flying straight=line courses. 
Then making certain assumptions regarding flight attitude, a proper coordinate transformation can be effect- 
ed and principal plane measurements plotted. The antenna signal source is provided by a delayed beacon 
triggered by ao illuminating radar and diiving the antenna under tests. To illustrate the results patterns 
for a X-band installation are shown. Coverage can be provided for an azimuth profile from nose-on (0°) to 
tail-on (180°) and for an elevation profile beam 0° te 30° below the aircraft for fixed azimuth aspects of 
nose-on and tail-on. Angle accuracy is +2 degrees and the accuracy of antenna gain measurements is estima- 
ted to be +2 dB. 


1. INTRODUCTION 


Techniques for the measurement of antenna characteristice are well known but often the resulte de- 
scribe an idealized performance, especially with regard to the installation environment. In the case of 
avionic antennas factors such as ground planes, coupling with other antennas and blockage by the aircraft 
structure itself all introduce variations to the original design performance. Measurements of antenna char- 
acteristics in situ has been described elsewhere, (SCHMITT, 0.H., 1947; SINCLAIR, G., 1947), but has involved 
large scale model ranges in connection with missile vehicles or only effectively modeled portions of the eir- 
craft structure. Dynamic measurement of in-flight aircraft, although offering a means to include all the 
appropriate environmental effects, has not been widely used, probably because of the somewhat inflexible an- 
gular coverage, difficulties in defining the measurement angles and in maintaining suitable calibration. 
Nonetheless, dynamic measuremente properly executed can provide the final confirmation of antenna performance 
and are, therefore, an important adjunct to the conventional measurement procedures used in design. 


Since 1963 the U.S, Naval Research Leboratory has operated a dynamic measurement facility utilizing 
radar equipment and procedures of original design. Initially intended for measurement of radar cross section 
(RCS) of in-flight aircraft, subsequent changes and additions have extended this capability to provide eiwul- 
taneous measurement of both RCS and avionic antenna patterns. In this paper the techniques and approaches 
which are currently being used will be presented and some illustrations of che results shown. Generally the 
work involves four main areas of concern: (1) multi-band radar equipment of wide dynamic range and good sta- 
bility, (2) antenna signal sources and calibration for both the test antenna and the radar equipment, (3) 
control and determination of aircraft aspect angles, (4) efficient data handling. 


2. EQUIPMENT 


Equipment includes the antennas, transmitters, raceivers ond data recorders required to measure antenna 
patterns as well as RCS. Measurements can be conducted in four bands: L, 8, C, X corresponding to 22 cn, 
10 cw, 5 cm and 3 cm ranges, respectively. In the case of RCS, measurenents are generally conducted in all 
bands simultaneously. When antenna pattern measurements sre made these have been confined to one of the 
banas using an aircraft instziled beacon driving the antenna and foilowing a fixed deley period triggered 
by the illuminating radar beam. Under these conditions RCS and pattern measuremonts can be performed to- 
gether. 


The approach followed ‘n the ground system design was to use conventional pulsed magnetron tranemit~ 
ters driving polarization flexible antennas together with receivers of high stability and wide dynamic 
range, Data recording of the several chennele is by means of digital magnetic tape which {3 subsequently 
reformatted for computer processing. In determining aircraft aepect angle, an approach basad on in-flight 
recording of aircraft attitude was rejected due to cost and installation time in favor of measuremente 
made at the ground site with the aircraft flying straight-line courses. 


A photograph of the ground site is shown in Fig. 1 with the principal components nected, Table I in- 
dicates some of the basic system characteristics. The current system, ‘nstalled at the Chesapeake Bay 
Division of NRL, represents considerable improvement over the one described earlier, (OLIN, I.0., 1965). 
In operation all transmitters are pulsed simultaneously with the L-and S-band system using coaxial feeds 
operating into a single cight-foot diameter reflector and the C-and X-band systems using separate 48-and 
32-inch diameter reflectors, Polarization of the L-8 band antenna is changed by physically rotating the 
feed through 90 degrees. At C-and X-bands the transmitted polarization is changed by switching the ex- 
cited port of e dual-mode transducer and by rotating a quarter-wave plate, depending upon the required 
component. During operation the siagle pedestal sup;orting all the antennas is servo-slaved to the op- 
tical handstand. As an aid in acquisition, however, the operstor can use an X-band monopulse receiver 
which displays error signals on a meter of the handstand. The receiver is mounted between the C-end X- 
band reflectors and vses a four-horn cluster polarized at 45° so that, regard!egs of transwitter polar- 
ization, a useable signal is received. 
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TABLE I 

SYSTEM CHARACTERISTICS 
Band L s C. x 
Frequency, Miz 1300 2800 5500 9225 
Peak Radiated Power, kW 250 250 250 250 
Pulse Width, psec 1 1 1 1 
Pulse Rate, Hz 500 500 500 500 
Beamwidth, (ExH plane) deg 7.5 x 6 3.5 x 3 3x3 3x3 
Antenna Gain, dB 28 33 34 34 
Tranamitted polarization H, Vv a, V RC, LC, H, V RC, Lc, #, V 
Received Polarization same as transmitted simultaneous roception of parallel 


and orthogona! components 
H - horizontal 
Vs vertical 
RC - right circular 
LC - left circular 


The L-and S-band systems ave similar and a block diagram is show inFig. 2. With the 3-dB hybrid 
duplexer half the power is radiated, half is absorbed in a load, end a receiver port is provided with 
about 30-dB isolation. This degree of isolation permite the tranemit-receiver (T.R.) tube used for uixer 
crystal protection to defonize rapidly, thus allowing the close-in target tracking required for the opti- 
cal tracker. Data can be taken within the interval of 2000 to 20,000 yd. The recoiver system uses no 
automatic gain control in the usual sense and operates with a linear instantaneous dynamic range of 40 dB. 
Since RCS measurements are performed as vell as recording aixcraft antenna patterns, wuch more dynamic 
tange is needad fur most targets. For this purpose an automatically operated switched attenuator system 
is employed. As shown in Fig. 2 a series of fixed attenuators is controlled by the video output level to 
produce an edditinual 65 dB range. Two isolator-matched 20-3B steps are used at r-f to prevent sixec 
saturation effects with the remaining 25 dB et i-f before the emplifinr. With the total 105 dB range 
provided, all antenna and most RCS measurements can be accommodated over the 10:1 range interval. Local- 
oscillator power ia supplied by fixed oscillators rather than a klyotron using afc, since normal frequency 
excursions operating vith a limited receiver pass-band can produce undesirable pulse-to-pulee amplitude 
fluctuations. Some drift js inevitable howevar, and since it was desired to reproduce the transmitted 
pulve shape, the overall receiver pase-band is flat within +1/2 dB over 5 Miz centered eat 30 Miz. A block 
diagram of the microweve portio. of tre C-or X-band system is shown in Fig. 3. T.R. tuba recovery time 
problems do not cccur and a conventional duplexer is usad. The i-f sections are identical for all bands. 











Target range geting is provided by a conventional early-late gate tracker which can be connected to 
any of the receiver outputs. Ranging enables a 5 jisac wide i-f gate in each receiver. Thus, essuming 
only the target of interest is present, range jitter effects are eliminated from the data by the use of a 
peak decection circuit. When antenns pattern measurements are made a separate i-f and recording channel 
with a second 5 usac gate delayed 10 usec from the reflected signal gate is used. 


Fig. 4 shows a photograph of one of the beaco. assemblies for eitcraft installation. These have 
been built for operation in S-, C~ or X-bands and typically use a 400 W peak rated tunable magnetron as 
che transmitter. The assembly consists of a cournercial transponde:, power supply and control box. Oper- 
ation ac 26V or 115V a-c ia provided. Signsl output is adjusted by varying the attenuacor pad in the out- 
put line prior to flight. A variety of keying frequencies heve been used for antenna stations available 
on the aircraft and since. the illuminating radar spans several bands, one is usually selected for receive 
ing anteuna performance or consistency with the total measurewents required of the aircraft. 8-baad hae 
bean keyed from the X-and S-band, C-band from C-band, and X-band from X-band. 


Preparation for measurements et the radar inciude calibration cf r-f and i-f attenuators, tranemitter 
and local ciacillatcr frequencies, dete-system and receiver sensitivity. R-F signele ere furnished by a 
calibrated ground site remote bescon so tha: system sensitivities are monitored at intervals during the 
measuremonts. Frimary system calibration is accomplished tefore and after flights by tracking a balloon- 
borne 6-inch diamecer meta} sphere. Appropriate data corrections are applied to allow for differences be-~ 
tween the optics region RCS and the actual measurement frequencies ured, Rader beacon calibration in- 
cludes @ pre-flight and post~flight check of the frequency and peak power level, end a measurement uf the 
ettenustor pads, 


Data recording is primarily by digital recording of pulce-to-pulse received siguels. Six channels 
are available with veceiver outputs stretched (held) to their peak values, quantised to 10 bits and re- 
corded on « l-in., 16-erack recorder. Target rangs, ssisuth, elevation and run sumber are recorded on 
the sama taps at reduced rate, In addition, each radar trigger is counted and recorded for use in 4 
tape search system in the laboratory reformatting process. Attenuator values are recorded in the bit lo- 
cations used for video during the switching interval. Additional reccrdings ere made as followr: A 
mulci channel pulse-to-pulse video record on 35-mm fila, l6-ms boresight file from « collimated camera, 

a chart recording of the detected and stretched video, ani « simultaneous voice commentary from all three 
enerator stations during measurements, 


Data from each of the many runs necessary to dsecribe the patterns and/or RCS ere recorded in @ con- 
tinuous stream on tape. Preparatory to raduction, data ere selected end reformatted onto two IBN compatible 
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1/2-in. tapes containing proper record gaps. Reformat equipment shown in Fig. 5 enables tape search and 
recording of four pulse-to-pulse data channels simultaneously on one tape and the aircraft track data on 
another. Selection is based on confirmation of valid data runa and sections after inapaction of boresight 
fiim and chart recordings, and checking recorded cousentary of the operators and pilot. 


3. DATA HANDLING 


Data reduction is parformed using a high-speed digital computer. Fig. 6 outlines the procedure 
which is used for the RCS measurements; antenna pattern data are reduced essentially according to the 
same flowchart. The line-of-site (LOS) is first determined as a function of time for each of the data 
runs. Input data consist of the aircraft position in radar-oriented coordinates sampled twice per second. 
The position data and constraints on the aircraft courses then permit generating a coordinate transforma- 
tion from the ground-based radar system to a new system erected about the aircraft. Once the transforma- | 
tion is complete the LOS is established in sircraft oriented coordinates and time dependent range azimuth 
and elevation angles are printed via a line printer and recorded on magnetic tape for use in later steps 
in the processing. 


The second step ie the generation of a pulse-to-pulse calibrated tape of received signals. The 
data inputs to the computer are (a) a magnetic tape containing voltage amplitudes for up to four selected 
data channels and coded levels for the accompanying attenuation values (b) a magnetic tape containing 
Tange and aspect data, and (c) punched cards containing various calibration factors and information for 
evaluation of the data. For tha antenna pattern measurements, values of the radar and beacon transmitted 
power and radar antenna gain are supplied for each channel so that the sphere calibrations can be inter- 
preted in terms of a receiver system calibration. The voltage values are corrected to a 0-dB level by 
removing step attenuation values present at the time of measurements, correcting for nonlinearities in 
the receiver transfer function, compensating for range, and applying calibrations appropriate to RCS and/or 
antenna pattern measurement. The final result of this part of the analysis is the pulse-to-pulse signal as a 
function of time on magnetic tape. This tape now becomes an input to the next step in the processing. 


The third step is the subdivision of the data according to azimuth x elevation aspect cells. For 
the antenoa pattern measurements 5° x 5° cells are used, whereas for RCS 10° x 10° cells are formed, 
Average antenna gains for data in each 5° x 5° cell are generally calculated, or in the case of RCS, the 
20th, 50th, and 80th percentiles of the cross-section distribution are calculated for the 10° x 10° cells. 
The inputs are the aspect information from the first part of the processing and the calibrated signals 
tape from the second part of the processing. Outputs are punched on cards together with the number of 
sample values used in forming the distribution function or average. 


The final processing step merges the cards for a single channel and for each aspect cell and prints 
and plots the results. This is done by a computer routine which accepts punched cards containing everages 
and percentile values and aspect-cell information, sorte according to aspect cell and merges values from 
like celle. The merging ie accomplished by an averaging procedure in which each value is weighted ac- 
cording to the number of samples from which it was determined, 


4. MEASUREMENTS 


The radar equipment is sited near the edge of a 90-ft cliff, overlooking the Chesapeske Bay. Fig. 7 
shows ean outline of the area with ground projections of the courses used for measurements. Data are taken 
over water with maximum ranges of 10,000 to 20,000 yds. To minimise the effects of ground illumination 
the elevation angle of the redar is at leauvt 5 degrees. Twelve different straight line courses of var- 
fous altitudes and directions are used. Ten of these are in level flight, while two use es shallow climb 
and dive (12,5 degrees). The level flight courses are each designed to provide sufficient data within 
prescribed aspect angle intervals, Using 2500 and 5000-ft altitudes, the courses passing directly over 
the measurement site provide data between 5 and 40 degrees beneath the nose or tail of the sircraft to 
form an elevation cut, Most of the azimuth cut is plotted for data at a nominal -10 degrees elevation 
using the parallel offset courses which sre flown at an altitude of 3000 ft. To cover the asimuthal 
angles near nose and tail (data between 5S and 15 degrees, and between 165 and 175 degrees) an offeet 
course flown over the TACAN at 2500 ft altitude is used. Courses are flow in two directions and in « 
sequence which maximises the data yield. By allowing the optical tracker operator to communicate directly 
with the pilot, details on run sequence, start and stop can be worked out efficiently. To obtain suffi- 
efent date for a repeatable RCS pattern using one polarisation, a total of about twenty-eix runs are re- 
quired, If antenna patterns alone are measured, experience indicates only about tvelve rune are needed, 


5. ASPECT ANGLE ESTIMATES 


The control and estimate of the aircraft aspect angle represents the most difficult problem in con- 
ducting the measurements, By using straight-line courses and ssinteining their elignsent with « site lo- 
cated TACAN, sufficient information ie available from the target track to solve the coordinate trensfor- 
wation problem which is posed. 


Fig. 6 illustrates an sircraft-oriented coordinate system centered at Q, in which a solution for the 
LOS to the rader centered at 0 is required. The three mutually perpendicular exes QU, QW, end QW are 
aligned in eccordance with the following assumptions: 


1, The QU axis coincides with the eircraft velocity vector. 
2. The QV axie is perallel to the ground plane XOY of the rader. 
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A solution in which line-of-site from the radar is transformed to aircraft-oriented coordinates is found 
which ignores any aircraft crab or roll angle. During final processing of the data these values can be 
inserted as appropriate to correct for this “idealized" solution. In order to satisfy the two conditions, 
measurements will need to be performed under favorable weather conditions and along straight flight 
courses. Note, howaver, that the second condition permits the aircraft to climb or dive in alignment with 
the radar and this trajectory is used in obtaining measurements directly nose-on and tail-on. 


In accordance with the first assumption previously stated, the QU axis of the gircraft coordinate 
syatem coincides with the aircraft velocity vector. Denoting this by a unit vector U, its components are 
given by 


U= 1/3 {t. 9 4 } 
where 62 = 2° + 57% + 2? , 


Next V and W are used to represent unit vectors along the axes QV and QW, respectively and Zz represents a 
unit yectgr along the direction OZ of the radar coordinate system. The second gssumption then impltes 
that V 4 Z. Since the_aircraft coordinate system forms an orthogonal set, V 1 U. This leads to the fol- 
lowing constraints on V, from which its components can be determined: 


Vi ZeV sU-0,0+' a1 

Having determined the components of both T and Vv, she components of W are simply solved using: 
WeUaW-V-0, 0+ Ra 

Once the location of each of the aircraft axes has been determined, the required coordinate transformation 


can be completed. Let B represent a unit vector along the 108 direction from the radar and defined in 
radar oriented coordinates. Then the direction cosines of B with respect to aircraft coordinates are: 


- - 
cos@a=B° U, 
- 


cos B= 5B‘ V, 
and cos y= 8B ' W. 


with reference to Fig. 8 the required azimuth and elevation anglee A and E are given by 


“ -1 cos 8 
aS ten cosa’ 


E=90° -y. 


Performing all indicated operations the resulting solution is: 





A= tan”! 


kb, + Hy, ten) 


| ; a(ad, + 9) 
2 3 
q 2 £+y 
1+ 4 
a° +9 


- 
the by by: b. are the coordinates of B. 


E = 90° - coe”! » where 


Data used for the computetion consists of spherical coord! «:es renge, asiauth, and elevation seu- 
pled twice each second, Since numerical differentiation is required, the answers are very sensitive to 
random variations in the input deta, These variations are caused by range jitter in the range tracker 
and by operator and servo errors in opticelly tracking the target and slaving the radar pedestal to the 
handetand. To remove these variations, input data ere smoothed using an eleven-point interpolative rou- 
tine, repeated three times. The defining equation of the i'th point is 


+§ 
1 
who | 
neeS 


The effect of this emoothing process ie to pase rew data through a low pase filter with a -3 dB 
bendwidth of approximately 0.3 radéfens/sec. Thie has been found adequate for the range of courses, speeds 
ané system inaccuractes. Following smoothings and conversion to rectangular coordinates, the required 
velocities are obtained using a simple three-point formile, For 1/2 seccad samples, this becomes: 
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6, MEASUREMENT ACCURACY 


Regarding the measurement of signal levels from which both antenna patterns and RCS are derived, 
the three main sources of inaccuracy are due to (1) linearity errors, (2) frequency drift errors, (3) 
temperature offecte. Calibration of the switched attenuators and measurements of the receiver transfer 
functions are performed and corrections applied during data reduction, but still contribute errore of 
about +0.5 dB. Short-term frequency drifts between the tranemitter and receiver local oscillator, other 
than the nominal 30 Mis i-f, cauee an error of +1.0 dB due to amplifier passband rigple. Temperature 
changes within the equipment cause offset errors in some of the circuits in addition to slightly detuning 
the bandpass amplifiers. These changes in addition to others cause differences in pre-flight and post- 
flight calibration to about 10.5 dB. The combined effect of the errors is to restrict measurement accur- 


acy to about +2.0 dB. 


One other factor, not related directiy to measurement accuracy, but rather to measurement repeat: 
ability is that of aspect determination. As discussed earlier, the aspect solution employed ignores the 
effecte of roll and crab. In all but the calmest of weather, however, some crabbing will be experienced 
and corrections made in order to define the aspect angle as accurately as possible. A technique used for 
determining crab angles is that of time correlation between boresight film and aspect solution in conjunc- 
tion with some observable alignment feature on the aircraft. The most often used feature is that of op- 
posite wing tips being aligned. Another technique is to key on some characteristic observable in the air- 
craft reflectivity pattern euch as the specular return from the leading edge of the wing and again time 
correlate with the aspect solution. ‘These observables can lead to accuracies of the order of +1° for 


passing courses. 


On radial courses heading reports from the pilot of the aircraft can be correlated with ground 
track projections and the crab angle determined by differencing the two. This particular technique can 


result in errors of up to 3 degrees. 


7. TYPICAL RESULTS 


Pig. 9 shows the reduced data for a single run of an aircraft past the measurement system. In this 
instance the aircraft was flying a crossing course at 5000 yds. offshore heading 180 degrees true with 
the antenna positioned with the center of the beam to starboard (90°). The resulting plot of the mean 
values from 5 degree cells shows the beam peaked at 85 degrees, but with five degree resolution the peak 
could have occurred between 85 and 90 degrees. The pattern 3 dB points, if symmetry is assumed, indicates 
a beam center 1.5 - 2 degrees forward of 90 degrees. There is, ae mentioned earlier, an indeterminacy in 
actual aspect angle measurement which can also contribute to the peak of the beam plotting someplace 
other than its actual position, This pattern also shows clearly the first sidelobes of the antenna at 


approximately -15 dB. 


Fig. 10 shows the results of a similar coursa, included here to show the somewhat deeper nulls and 
better defined sidelobes than the previous figure. This average data can be supplemented by examining the 
percentiles of the distribution of received signals in a manner similar to the RCS measurement, Fig. 11. 
Shown are the 10, 50, and 90 percentiles from which the mean values of Fig. 10 are drawn. The 50 percen- 
tile curve is nearly identical to the mean value curve but the 10 percentile curve shows more structure 
in the null region than either of these. In comparing the spread among the three percentiles from cell 
to cell, the signal falls significantly st the 120 degree and 125 degree points, the region of this firat 
null in the pattern. The comparable null on the opposite side of the pattern occurs in the 55 degree to 
60 degree region but does not exhibit the significantly lower signal. This could be a consequence 
of perturbation of the pattern by aircraft structure, basic non-symmetry in the pattern, or flight char- 
acteristics of the aircraft on this particular run not giving visibility to the null depth, 


Fig. 12 is a plot of mean values, again from 5 degree cells but with the aircraft passing overhead 
and sweeping in elevation rather than azimuth. This plot actually shows the results from two such passes 
of the aircraft, one inbound during which the values in the forward region are determined and the other 
outbound during which the values in the efter region are determined. The coverage in elevation, however 
is ineuffictent to capture ths null detail of the pattern in that plane. 


Fig. 13 illustrates the same antenna described in Fig. 10, but now emplaced so that the axis is 
directed at a nominal 45 degrees to the airframe. A comparison of the two figures reveals that the pat- 
terns in the two cases are not significantly different, thua the change in emplacement has not introduced 


any perturbations into the pattern of the antenna, 


Fig. 14 is the plot of mean values from ea course designed to provide measurements of azimuth pattern 
near the nose region. This particular run provided 30 degrees coverage and mapped the pattern into the 
first null regton at 330 degrees. For thie course the antenna was positioned pointing forward, There is 
structural blockage which spoils the pattern and produces a local null at sero degrees. A course which is 
the reciprocal of this provides comparable coverage near the tail of the aircraft. 


All the patterns illustrated here were achieved by positioning an antenne of approximately 30 degree 
beamwidth at various angles with respect to the airframe and running designed courses to map the azimuth 
and elevation coverage desired. in the general case of an omnidirectional antenna, these courses would 
define the pattern over the totel azimuth coverage which could then be presented in composite form. 
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8. CONCLUSIONS 


The design of a system for making dynamic measurements hae resulted in a stable multi frequency 
measurement tool, Using this system, it has beer possible to perform accurate measurements of antenna 
patterns and gains of avionic antennas installed aboard aircraft. Such measurements have the advantage 
of providing a true pattern of an antenna in ites operational environment, complete with pattern distor- 
tions and blockages as may exist. Furthermore such measurements may be made without an instrumented 
aircraft for aspect determination provided a controlled set of courses are used and the aircraft is 
equipped with a know stable power source driving the antenna being measured, 
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Fig. 1. Ground site equipment. A single antenna pedestal is used for four-band operation and is con- 
trolled by the adjacent optical handstand-tracker. 


OUMMY 
LOAD 


XMTR 
20 48 20 dB 
HYBRIO 


DH HEHSH Rp ite, 


5 48 {0 dB 10 48 


Eig Lipa ILS 


Sf ae | & 


VIDEO 
OETECTOR 





DIGITAL RECORDER 
ATTENTION CONTROL 
LOGIC 





10 BITS 


Fig. 2. L-eor S-band system block diagran. 
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Fig. 3. X-band microwave section block diagram. 





Fig. 4. Beacon assembly used for aircraft installation. 
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Fig. 5. Magnetic tape reformatting equipment. 
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Pig. 6. Flow chart of the data reduction process. 
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Fig. 7. 
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Ground tracks of flight courses at the Chesapeake Bay area test site, 
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Fig. 8. Coordinate systems used for aspect angle problem solution, 
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DISGUSSION | 


P.S- STRINGER: Assumptione of aircraft attitude have been made in the techrique 
described. Would not improvewents in accuracy be achieved by a measurement of attitude 
synchronized with the ground recordings? If improvemente ere likely, why have not such 
attitude records been obtained? 


I.D. OLIN: Synchronized attitude measurmments would indeed improve the aircraft aspect 
IMgasurement accuracy. Moreover, it would comewhat reduce the restrictions regarding flight 
courses. But if flying time is to be kept reasonable only principal plane measurements, 
(implying little aircraft roll) may be made anyway. 

In the approach described such measurementa were not made because of the inatallation 
complexity and, the time involved. <A large variety of aircraft were to be measured and it 
was felt that’’4ll of them would be availablcfor the necessary ground installation. The 
beacon instaifation is simple and performed by the general crew, so that our actual 
involvement with the eircraft was essentially restricted to flight time 


i 
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AN IMPROVED MEASURING TECHNIQUE FOR INVESTIGATIONS 
GF THE NEAR FIELO REGION OF ANTENNAS 


RUdtger Anders , 
Institute for Technical Electronics 
Technical University Aachen 
D 51 Aachen, Templergraben 55, Germany 


SUMMARY 


A new scattering technique for low reaction measurements of electromagnetic 
fields is presented using a small diode probe without any conductive feeder. The basic 
principle of this technique makes use of the frequency mixing property of a microwave 
diode as scatterer to convert the probe signal to the x-band microwave range where it 
easily can be transmitted and picked up by @ remote auxiliary antenna. The theoretical 
pecka uund is given and several measurement set-ups for different operation conditions 
are discussed, 


1. INTRODUCTION 


During the last ten years measurements of the near field region of antennas have 
become increasingly important for the determination of the fundamental characteristics 
of antennas and for the purpose of deeper insight into the radigtion mechanism of some 
complicated antennas as log-periodic and jog-spiral antennas surface wave antennas and 
phased arrays, If detailed near field data are known from near field measurements, far- 
field radiation perrerias polarisation characteristics and phase characteristics as well 
| as phase center locations and gain functions can easily be obtained from that data by 
; computational methods {1],(21. 


The striking advantage of near field measurements is the fact that in nearly al) 
cases they can be done by laboratory experiments and thus help to save costs and time. 
On the other hand it is known as a troublesome drawback of all near field probing tech- 
niques that the probe disturbs the field distribution particularly in the vicinity of the 
antenna surface when picking up aneray from the field for measuring purposes. This may 
eee in the experimental data and at least in the desired antenna charac- 
teristics. 


In order to provide minimum disturbance of the field distribution by the measuring 
probe several ingenious and sophisticated techniques have been developed by different 
authors and recently summarized in an excellent review given by dg. D. Dyson [3]. According 
to this the probing techniques may be divided into those for direct measurement and those 
for indirect measurement. The former give increased sensitivity and direct reading of the 
near fietd distribution as 


| 
| 
| 
| 


Oy os Kor E Cyr 0, by) COS (22,t * yy) (1) | 


were Upr is the signal voltage at the input of the probe feeder, Kpydenotes a constant j 
ereere sty on the etfective epercure of the probe, Ey.Ser, and Wr are the maximum amplitude, ( 
the angular frequency, and the relative phase of the signal received by the probe and C, ; 
stands for the desired relative radiation characteristic of the antenna under test. 


The latter are known as scattering techniques. They make use of peeant the 
reradiated or scattered field of a small probe when it is moved in the field of interest, 
The quantity to be measured will be received simultaneously by the antenna under test and 


is given by 


Us, ™ Ker Et Ch ords) COs (Set +2y,) (2) 


where Usris the voltage of the scattered signal at the antenna termination and Kgya 
similar constant to Kp. Equation (2) shows a8 main drawbacks of the scattering techniques 
reduced sensitivity and a quadratic proportionality between the output signal and the 
field distribution function Cy instead of a linear one in (1). As a consequence of this, 
given a limited dynamtc input range of the measurement receiver, the scattering techniques 
only allow for a readout of half the dynamic range cf the field distribution that can be 
covered by the direct oases techniques, Nevertheless on account of minimum fiold 
disturbance which mostly is of pirticular importance the scattering techniques are of 
major significence because of the absence of eny conductive feeder to the probe. 


This paper now deals with an improved measuring technique for probing electro-~ \ 
magnetic fields which combines the advantages of both probing methods and avoids their i 
drawbacks. In making use of the “SSBSC Homodyne” system for real-time measurements the 
measurement system to be presented guarantees high sensivities up to - 100 dBm with a 
dynamic range of 80 dB. 
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2. PRINCIPLE OF THE MEASURING TECHNIQUE 


The basic principle of this new measurement system is to use a microwave mixing 
diode in a common glass or pill package with leads as scattering probe. The leads will 
act as the wire arms of a short electric or magnetic dipole with the diode junction as 
non-linear Fecminar ing impedance. When this probe is placed into the field of the antenna 
under test and in addition to this itluminated by an auxiliary signal radiated by a 
second transmitting antenna sufficient far away as is shown in Fig. 1 the probe will 
recetve both signals different in frequency and feed a certain amount of them into the 
diode termination, 
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Fig. 1 Principle of the measuring technique 


Due to the mixing property of the microwave diode additional sideband signals are 
generated and reradiated by the probe dipole. These sideband signals carry all information 
of the radiation fields of both antennas at the position of the scattering probe. They can 
be picked up simultaneously by the auxiliary antenna and then fed into a receiver for 
amplitude and phase determination. In order to make sure that only the spatial field 
distribution of the antenna under test is analysed some special steps must be adopted 

that eliminate the influence of the auxiliary antenna. These will be discussed later on, 


While the signal frequency of the antenna under test is fixed by the test 
conditions (for example Str = 1 GHz) the frequency of the auxiliary signal may be chosen 
arbitrary but should be in the order of ten times tne test frequency or larger in this 
particular field of ape lieeti on (e.g. Sy « 10 GHz). If the probe length and diameter then 
are matched conviniently to the upper sideband signal ( Sa+ Sr = 11 GHz) as a resonant 
halfwave dipole or Joop (which results in a 1.36 cm probe length or a 0.435 cm lcop 
diameter) low transmission loss is provided on the transfer of the reradiated signals 
between probe and auxilfary antenna, Thus the probe size regarding to the wavelength of 
the test signal will be reduced to the order of 0.023 A . This small scattering probe 
yivee sufficient resolution and brings out only negligible disturbance of the fields of 

nterest. If smaller probes are required the probe size may be reduced far beyond the 
matching condition as far as the power of the signal generators and the sensivity of the 
receiver make sure that the decreasing scattered signal can be indicated. 


3. THEORETICAL BACKGROUND 


Although the principle of this measuring technique {is not restricted to the near 
field of antennas there is a significant difference in the measurement set-up if the 
field distribution in the vicinity of the antenna under test or at a more distant range 
is considered, As can be seen from Fig. 1 if the probe is positioned in the very near 
field the auxilfary antenna will not only illuminate the scatterer but also the antenna 
under test, In case of this an additional back-scattered ai eee from the antenna under 
test arises that interferes with the direct signal originating from the auxiliary antenna, 
As a matter of fact the carrier signal at the scatter termination is no more independent 
of the position of the antenna under test which is true for the distant field. 


3.1 Theory without Back-Scattering at the Antenna Under Test 
The observable voltage Ups of the test signal was defined by (1) e.g, 


Up = Kor Es Cine) Cos( Set + y,) 


Simiter to this the voltage Up, of the auxiliary signal at the probe termination is given 
by 


Ue = Koy a Cy le, te) COs ( 82,t + w,) (3) 


ens 
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where Kpy denotes a constant. Ey, Quy and Wy are the maximum amplitude the angular 
frequency and the relative phase respectivly. Cy denotes the spatial radiation 
characteristic of the auxiliary antenna, 


Assuming square law conversion for the scatter diode where no regard is made to 
input or output impedances or sensivity of the diode the transfer characteristic can be 
represented by 


2 
Uar = Q@o+Qa,Uy + aU, (4) 


where 





Un ™ Upt Up, (5) 
Equation (5) put into (4) yields the frequency spectrum 


Ur * A + O5Sa, ( Ker Es Crlteorée) + Keon Eu Cu (1a Oe ¢)) + 

! + AQ, Kor ErCrirrerd) COS (2,t + Wr) + 

| + Q, Koy Ey Cu (recede) Cos (Rat + Yu) + 

: + O50, Ker Er Crineps,) COS(2Rt+ 24,) + (6) 
| + O50, Kev EaCs (My@aGq) COS (2Det + 2 We) + 

| + Qy Kp Ey Cyr 0r¢,) Key Eu Cu (ty en du) COS ((2,-2,)t + He - 4) + 

| + 2 Ker Ee Cr (reorder) Kon En Cy (ry ©, ¢,) COS((Sy+8r)t + Yat Y) 


Fig. 2 gives a schematic sketch of that spectrum 





Fig. 2 sketch of the frequency Spectrum 


: Now if the back~scatterin frequency-response of the resonant scatterer is taken into 

i account (dashed line in Fig, 2) the probe rerediates ot the third and the last two 
terms of (6) with significant efficiency, These signals will be picked up by the auxiliary 

antenna acting simultaneously as receiving antenna. Due to the reception characteristic 

of the auxiliary antenna the associated receiver input signals are 


U. ~ b. a, K py ES Chile 06th) cos (Qyt + 7) (7) 
; es m D, O, Koy E+Cr (mn od,) Koy Ey Cary ©, $a) COS ((2,~2,)t + Yy- Wr) (8) 
Uva Dus On Kor Er Cr (ro 4,) Kou Eu Cu(ry Oude) COS((2142s)t + Yat Hy) (9) 


where Us, Use , and Use denote the voltages of the carrier signal and the lower and upper 
sideband srgne les while the constants Be, bis and bus regerd to the transmission 
characteristic between probe and auxiliary antenna, 


i For the quantity Criney ¢-) that is the desired relativespatial field distr§- 

; bution of the antenna under test only the Signals Use and Uvs are relevant. To evaluate 
the Steps must be taken to guarantee that the radiation characteristic of the guxiliary 
an.enna has no effect on the result. This can be accomplished in two different ways. 


3.1.3. Analysts of One Sideband Signet 


In (8) or (9) the only factor except Cy that ney not retein constant when the 
scattering probe {8 moved in the field of interest is ¢ @ relativeradiation characteristic 
of the auxiliary antenne can be forced to become constant {f the mutual position of 
the probe and the epet itary antenna is kept fixed while the antenna under test 18 moved 
ageinst the probe. As a matter of consequence Fig. 3 shows a simplified version of the 

neccesary measurement set up, 
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Fig. 3 Simplified set-up for measurements when back-scattering from the antenna 
under test need not to be taken into account 


3.1.2. Analysis of Carrier and One Sideband Signal 
Instead of keeping Cy constant the falsifying influence of Cy can be eliminated 
by detecting the carrier signal Ue and one sideband signal Ucs or Uus seperatdy and 


taking the ratio of both signal outputs. If for example the upper sideband and the carrier 
signal are considered the ratio may be derived from (7) and (9) as 


Uus 
Ue = Ue (10.1) 
Kou bus Qs Kor ErCr(morgr) Kon EN Ctra on 6s) | (Quy 4 Qy)t (10.2) 
Koe De a, Kpu Eire ends) | Out 
Ue = Ke E, Cr (ry, Or Or) (10.3) 


where Key and Koc indicate the different detection efficiency of both signals and 
ts a resultant constant. Opposite to the above mentioned analysis of only one sideband 
signal there is no restraint on a fixed position of the antennas used and the scatterer, 


Ue = 


3.2 Theory Considering Back-Scattering at the Antenne Under Test 

In a@ more general case especially when the scattering probe is moved in the 
vicinity of the antenna under test a backescattering signal arises from direct illumina- 
tion of the antenna under test by the auxiliary antenna, This undesired echo signal may 
cause errors because of interference with the carrier signal and a direct reradiation to 
the auxiliary antenna. Regarding to (5) Usy is to be replaced by 


Us = Usr + Ueu + Ups (11 ) 
where 


Uns — Kes Ee. Colne Oe de) COS (Set + We) (12) 


Upgdeno:es that portion of the back-scattered auxiliary signal to interfere with the 
direct radiated auxtliiary signal at the probe termination. All other factors and functions 
with subscript B are similar to (3) but refer to the back-scattered auxiliary signal, As 
a matter of consequence to (11), (7), (8) and (9) are to be replaced by 


Us = be ayCotmondad| Kon ExCuinonta) 2s(Set+t) + Kee ExCatnoysyicos(Sat+y)] (12) 


Urs = bisQ. Co(rgoege) Kor ErCrerore) | Kew EuColrees dy) 0S ((Q,-2)t + WW) + 
tke EC o(to0y 4)605 ((Qs-2}t +4e-)| (14) 


Us = b,a,Cy (40 9x) Kpr E,Crinegr)] Kou E, Cu (rye 4,)05((2,+2)t + Yor) + 
tk EgCa(r, @04,)C05{(2_¢ Sr }t + Wat | (15) 
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Because of the impossibility to keep the radiation characteristics Cy and Ce unchanged 
at the same time a determination of Cy similar to the method given in 3.1.1, fails in 
this more general case. If the second method is used (10.1) comes to the form 


Uus (16) 
Ue + De Us C eirevs $e) 


which seems to be useless too on account of the additional term in the denominator arising 
from the directly reradiated auxiliary signal to the auxiliary antenna. Fortunately this 
residual scattered auxiliary signal can be surpressed by means of a compensating technique, 
If the mutual position of the antenna under test and the auxiliary antenne remain 

unchanged when the probe is moved the signal corresponding to the second term in the 
denominator of (16) will be independent of the probe position too and thus can be canceled 
by adding a coherent signal at the receiver input equal in amplitude and opposite in 


phase. 
4. MEASURING EQUIPMENT 


Regarding to the theoretical results there are three different measurement set- 
ups for the experimental investigation of electromagnetic field distributions. Each of 
them makes use of the same scattering technique but differs in instrumentation. 


Ue 


4.1 Scatterer 


As scattering probes conventional microwave semiconductor diodes in picomin-glass 
packages are used with straight wire leads as electrical field probe and bent leads for 
loop probes cut to the proper length. If diodes only in pillbox packages are available 
thin wires should be bonded onto the centres of the top plates to act as dipole arms. As 
for the type of diode schottky barrier diodes, point contact diodes as well as backward 
diodes have been tested successfully. The best results were obtained from backward diodes ‘ 
because of their high tangential sensitivity at zero bias operation and their low | 
impedance. But also point contact diodes give satifactory performance, In addition to 
this they are at lower price. Schottky barrier diodes do not reach their optimum operation 
properties in this special field of application because there is no btas available, 


For the purpose of motion the satter probes are mounted on top of a pyramidal 
dielectric foam tower which itself is put to a carthesian coordinate positioner, 


4.2 Instrumentation 


The expenditure of instrumentation depends largely on what one wants to measure. 
If data are desired of the extended near field only, where there is no significant back- 
scattering from the antenna under test two instrumentations are recommended, 


4.2.1. Set-up Regarding to 3.1.1. Using Zero-Indication Method 
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Fig. 4 Instrumentation for Zero-Inaication Nethod 


The basic measurement system is shown in Fig. 4. The antenna under test for example 8 
conical log-spiral antenna is supplied by a signal source at test frequency Sy = 1,0 GHz, 
At the same time a source ie at @y = 10,0 GHz is fed to mx-band horn acting as 
euxiliary antenna by means of a circulator, both signals are radiated to the diode 
scatterer where they are mixed generating sideband signals at S,#8)= 9 GHz and 11 GHz, 
that will be reradiated and picked up by the auxiliary antenna. The received signals 
carrying the desired information travels clockwise through the circulator to the informa- 
tion channel in which a variable attenuator and @ phase shifter as well as a band-stop 
filter with center frequency at 10.0 GHz are inserted. In addition to that reference 
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signals are edited by mixing a 10 GHz signal derived from the auxiliary power source by 
means of s directional couplerwith a portion of the test signal derived in a similar 
manner, As the information signals and the reference signals are given to the E-arm and 
to the H-arm of a hybrid tee they will interfere at the input of an indicating receiver 
connected to a side arm of the hybrid tee. The receiver input signals will be of the 
form: : 


Uno = Ke ErCrinerg:) Ei Coctuou bs) COS (Ya F Y,) cOS((2, ¥r)t) (17) 


By appropriate adjustment of the attenuator and the phase shifter the receiver input 
signal can be made to vanish, Amplitude and phase variation of the desired field distribu- 
tion then are obtained from the corresponding readouts. 


If only amplitude measurements are of interest the information channel may be 
cut open behind the band-stop filter and connected directly to the receiver. Although the 
band-stop filter is not neccessary for the measurement set-up in principle it is of 
significant importance to protect the receiver input against the power travelling counter 
clockwise from the 10 GHz signal source to the information channel because of the limited 
isolation of the circulater. 


4.2.2, Set-up Regarding to 3.1.1. Using SSBSC Homodyne System 


Despite its high dynamic range performance and its in principle simple 
instrumentation for point by point measurements when the field probe is moved it takes 
a large effort to set up a self-balancing microwave bridge for real-time measurements. 
In case of continuously moving the probe through the field of interest it seems very 
profitable to make use of the SSBSC homodyne system, For detailed information the reader 
is referred to an exellent survey given by R. J. King 4. The appropriate instrumentation 
using this single-sideband modulation technique is shown in Fig. 5. 
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Fig. 5 Instrumentation with SSBSC Homodyne System 


As a significant difference with respect to Fig. 4 it can be seen from Fig. 5 that the 
coherent 11.0 GHz signal of the reference channel has been replaced by an 11.000001 GHz 
SSBSC signal. This reference s¥gnal is generated by feeding a small signal derived from 
the 10 GHz auxiliary power source into a 10 GHz SSBSC-modulator and mixing the output 
signal up to 11 GHz with help of the test signal. As for the design of an effective 
SSBSC-modulator operating in the x-band a novel approach has been given by P. G. Brooker 
and J. 0, E. Beyon 5 , After passing the hybrid tee (to achieve good decoupling of both 
channels) the information and the reference signal are demedulated into the 1 kHz 
difference-frequency signal by means of a low-noise detector. To give a high sensivity 
the detector is followed by a narrow band active RC-filter, Finally the output signal, 
which in contrast to (17) reads as 


Uno = Ko Erle (rordr) Ey Cu (ru eage) COS (Ont + On F Yr} (ag) 


where Ky is a constant and @mis the angular frequency of the demodulated 1 kHz Signal, 
is et to an amplitude indicator and an Af-phase meter to read out the desired field 
quantities. 


4.2.3, Set-up Regarding to 3.2. for Measurements in the Very Near Field of Antennas 
As mentioned in 3.2. steps must be taken to eliminate the influence of the 


unavoidable back-scattering of the antenna under test. A measurement set-up to accomplish 
this is given by Fig. 6, . 














SCATTERER 
UNOTR TEST 


CW. ScouRCcE Cw Scource 





SET TR rE eee eee ee Sere ea ee or reer aeeee re enaecce ena aeeeeeencceie enone ence ec TE ATTN TION Pee _ 
37-7 
AURILIARY 
Sooo: aureuuas 
ANTOWNA | 
: | 
pis 1 
Ff . 
| 
{ 
| 


ACTIVE 
ereveres 





OBTeCTORS 







AMPLITVO8 
TNOICATOR 







HIGH PASS 
FiltTeR 


Fig. 6 Instrumentation with respect to the presence of back-scattering 
from the antenna under test 


In opposite to the preceding instrumentations two seperate linear polarized 
horns are used for transmission and reception. In consequence to the perpendicular 
orientation of both horns the receiving horn may be arranged to become decoupled from 
the transmitting horn in the order of 40 - 50 dB. Due to the residual coupling and to 
the back-scattering from the antenna under test two coherent small 10 GHz signals will 
read the receiving horn independently of the position of the scatter probe. Because of 
remaining unchanged if the antenna under test and the auxiliary horn are fixed these 
spurious signals, which represent the falsifying second term in the denominator of (16), 
can be eliminated from the measuring equipment, if an appropriate compensatingsignal is 
added by means of a hybrid tee. There needs to be no detailed further comment on the rest 
of the instrumentation, except that there are two seperate SSt-modulated channels 
regarding to the carrier and to the upper sideband of the required scatter-signal, 
Finally the corresponding output signals are fed into a ratiometer for readout. 


At least it should by emphasized that the plane of polarization of the scatter 
probe and that of the horns have to be inclined by 45°, 


Extensive investigations af the different types of instrumentation are on test 
and have not been finished.so far. Thus the outstanding final results will be object to 
future publication. 


5. CONCLUSION 


The scattering technique has been considered to be that measuring method for 
sampling the entire field characteristic of antennas to have the lowest reactive effect 
on the desired field distribution. Based on this technique a novel scattering methoc 
was introduced that makes use of a nicrowave diode scatterer to convert the required 
information of the field characteristic to the x-band, where it can be transmitted to a 
remote antenna and easily seperated from the signal of the antenna under test. This 
method happens to give rise to errors if the probe is moved to the vicinity of the 
antenna surface because of unavoidable back-scattering from the antenna under test, In 
order to eleminate the erroneous back-scattering influence an evaluation method has been 
aeeger ee which relates to the modulation factor of the scatter signal, e, g. the ratio 
of its carrier to its sideband signal. By the way this evaluation method removes the 
most significant disadvantage of the scattering techniques used so far, thet is half the 
dynamic range capability of the direct reading probe methods. The corresponding 
theoretical background has been discussed and three measurement set-uns were presented 
for different operational conditions, 
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: A new method for the determination of the curve on which the apparent phase centres of an aircraft i 
antenna move with respect to the aspect angles 1s presented in this paper. The definition of the apparent 
phase centre is discussed. 


The test equipment is explained by means of a schematic diagram. The sources of error of the 
measuring method and the accuracy of the approximation method for the analytical determination of the 
phase function are also discussed. 


For the calculation of the apparent phase centres from the measured data an ALGOL computer program 
was developed. 


Finally, the development and the optimization of the radiators meeting the requirements is described 


1. INTRODUCTION 


The motive for this work was the problem of calibrating the interferometer of the Zentrale Deutsche 
Bodenstation (ZOBS) (UTTL, H., GUSSL, H., 1972). 


All unpredictable influences like uneveness of the ground, mechanical tolerances etc. are eliminated 
by the calibration. During actual measurements the results will be corrected using the calibration data. 


The position in spsce of @ flash light mounted on the aircraft seen from the interferometer is 
determined by a photographic measuring system supported by a pracision radar, 


Ideal conditions would exist if it were possible to construct an aircraft antenna so that the phase 
centre from which the radiation seems to emanate is at the centre of the flash light for all aspect 
angles. Ty obtain the desired calibration accuracy for the interferometer for a distance of 10 km between 
aircraft and interferometer it 4s necessary to know the position of the apparent phase centre to an 
accuracy of 10 cm. At a frequency about 137 MHz it isn't possible to obtain a phase centre which js 
nearly at the same place for all aspect angles. 


For the calibration of the interferometer, radia) and circular flights are required. During the 
flights for the calibration the same profile of the aircraft is seen by the interferometer. With radial 
flights, for instance, only the phase characteristic of the section through the longitudinal axis of the 
aircraft is of interest. Due to the different influences of the ground reflections with horizontal or 
vertical polarization the aircraft antenna shall radiate circular polarization. 


Radiators which meet the electrical, mechanical and flow demands are the crossed-slot antenna and 
the Archimedian spiral antenna. The crossed-slot antenna 1s used for the radial flights.and 4s mounted 
in the middie part of the fuselage. The spiral antenna 4s used fur the circular flights and 4s mounted 
in the left tip tank. Mode) measurements were carried out on a one-tenth scale model to find the best 
possible installation point for the antennas in the aircraft, namely an ‘English Electric Canberra’, 
Because of the physically restricted conditions of installation both antennas had to be electrically 
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extended. For the crossed-slot antenna this was realized by capacitive reduction of the slots. The 
Archimedian spiral antenna was electrically extended by using a dielectric. 


For the determination of the curve on whith the apparent phase centres move with respect to the 
aspect angles a new method was evolved. In an iterative approach the shape of the wave front is deter- 
mined. As the wave front is known, its evolute (locus of the apparent phase centre) may be constructed 
with the help of differential geometry. The method permits the determination of the wave front of 
radiators with large aperture, utilising a conventional antenna test range in connectton with a phase 
measuring system. : 


2. APPARENT PHASE CENTRES 


2.1. Definition of the Locus of the Apparent Phase Centres of Radiators on Bodies 
of Complicated Structure 


If the wave front is approximated by the surface of a sphere, normals can be constructed te the 
surface and their point of intersection is defined as the radiator phase centre. In most cases, only 
in particular directions may the wave front be approximated by the surface of a sphere. In this case, 
the point of intersection of the normals is called the ‘apparent phase centre’. 


For radiators which are mounted on bodies of complicated structure and which excite the body, it is 
difficult to define, even for small zones of the solid angie, an apparent phase centre. Depending on the 
aspect angle the apparent phase centre appears to move. To describe this phenomenon apparent phase 
centres are defined for infinitesimally small zones of the aspect angle. The phase centre curve js 
obtained by connecting all the apparent phase centres for various angles. 


2.2. Curvature of a Surface, Determination of the Main Radii of Curvature 


For a plane section in the local coordinate system of a radiator, the curve on which the apparent 
phase centres move depending on aspect angle is the evolute of the wave front. For a point M on the wave 
front, the apparent phase centre is situated at the centre of the circle of curvature for the point M. In 
the general case, the three dimesional wave front at the point M may not be approximated by the surface 
of a sphere. 


Depending on the section chosen through M on the three dimensional wave front different centres of 
curvature and radi{f of curvature result. Only for normal sections may physically significant results be 
obtained. For each normal section through Ma different apparent phase centre occurs. All these apparent 
phase centres ‘ie, however, on a line between two axtreme.points, the so called main radii of curvature. 
The direction from which the radiation at the point M emanates, may be determined by taking any normal 
section through M (see figure 1). 


The curvature of a normal section Chore is: 
2 2 
(3) }- gee, se. 
1 2 


R; and Ro are the main radii of curvature. a is the angle between the sections C and C) (see figure 2). 


3. METHODS FOR DETERMINING APPARENT PHASE CENTRES FROM MEASURED DATA 


For the determination of apparent phase centres there are two basic methods, the phase reference 
method and the interferometer method (JONES, I.L., 1967). With the phase reference method, a single 
receiving antenna is used, the phase of the radiated wave being compared with a reference signal propa- 
gated vie a coaxial cable from the antenna under test to the phase measuring receiver. From figure 3 it 
may be soen that this method is most sensitive to movements of the apparent phase centre paraltle! to a 
Tine Joining the mode) and the phase messuring rece{ver. 


For | >> d 
(2) bow a d sing 
holds. 
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Within the interferometer method, the relative phase of the signal arriving at a oair of antennas 4s 
measured. The interferometer method is most sensitive to movements of the apparent phase centre at right 
angles to a Tine joining the antenna under test and the interferometer antennas (see figure 4). 





If l »>d 
4 ; a (3) ay m SE a sin y cos B. 


For the determination of the curve on which tke apparent phase centres move with respect to the 
aspect angles a new method was evolved. The method permits the determination of the wave front of 
radiators with large aperture, utilising a cenventional antenna test range in connection with a phase 
measuring system. 


F The antenna under test is mounted on a dielectric rotating tower (see figure 5). The position of the 
antenna under test with respect to the rotating axis, which must be known very exactly, fs determined 
with the help of an optical system. As the ground reflections and the back scattering from obstacles may 
be neglected, the rotation of the antenna under test is analogous to a movement of the sonde on a circle 
in a plane perpendicular to the axis of rotation (see figure 6). The phase is measured by the phase refe- 
rence method. 


! 
| 
| 
| 
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If the antenna under test has a fixed phase centre, and if this phase centre is in the point of 
rotation (dimensional problem), the relative phase is constant in the whole measuring rarge. 


i ; To determine the curve on which the apparent phase centres move, the wave front must be known. From 
4 . @ phase diagram measured on a circle with radius R, centre 0, (see figure 6) the shape of the wave front 
: in the piane of the section is obtained, if one draws from each measuring point the equivalent length by 
for the relative phase in the direction of the appropriate apparent phase centre. Providing a1] apparent 
phase centres seen from each aspect angle a are within a not too large angular range + c, the wave frort 

may be determined in an iterative way. To a first approximation the lengths corresponding to the relative | 
phase are drawn in the direction of the point of rotation. This wave front of first order calculated point i 


by point is approximated by a polynomial using the least squares method. The locus of the apparent phase 
centres of first order is obtained by constructing the evolute. In the next iterative step, the ] 
components are drawn in the direction of the apparent phase centres of first order, @0 obtaining the wave i 
front of second order. The convergence of the method is very good because of « being small in practical 

cases. 


4. MATHEMATICAL TREATMENT OF THE PROBLEM 


For the approximate reproduction of empirical functions whole rational functions, polynomials, are 
used. Because of simple mathematical operations the polynomials are best suitable for numerical analysis. 
The representation of a function by means of @ polynomial is possible in various ways (MEINARDUS, G., 
1964). One kind of approximation, which is very suitable for the reproduction of empirical functions, {s 
curve fitting by means of equalizing polynomials. The desired close approximation over a fixed interval 
4s achieved for a minimum of the sum of the squares of the deviations (ZURMUHL, R., 1965). i 


The empirical function y = f (x) or r= f (a) respectively is given by measured data ¥y = f (x4) i 
(Py = f (a;)). These values of the function are subject in general to errors. An interpolation polynomial 
which approximates the imperfect values y, at tha points x, exactly is therefore not applicable. The 
result of the approximating function should be similar to a hand-drawn curve which suppresses the 
fluctuations. This is obtained with the aid of the balancing procedure. The order of the polynomial is 
lower than the number of measurement values. The surplus values are used for the suppression of the 
fluctuations. Correct selection of the order of the polynomial is essential. 


The tystem of equations for the determination of the coefficients of a second order polynomial 
2 


(4) ¥ (x) © ap Fay x Hay x 
4s derived in the following. 
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The sum of the squares of the deviations of all ordinates Y; shall be a minimum, therefore 


(5) A ae . 
Q=r (Y; - vac = min. 

| q=1 
! with 
| a 2 
(6) ¥y = ¥ (xj) = ap + ay xy + a2 "- 
From the three necessary conditions for (5) 
| (7) a °° (j = 0, 1, 2) 
\ 


and the derivations 


| Vj, | yy Vi 2 
| Re ies ile Lae Pia 


the following equations are obtained: 


Ler Wp -y¥;) + 1-0 


7 aay 

| ee _ 

| 2 EG ¥5) x; = 0 
rz = (Vy - yy) xy = 0. 


Or with the usual abbreviation of GauB, representing sums by means of brackets, finally: 
2 
N ay + [x] a, + 2°] a, = [y] 
(8) Ik] ay + Ja, + fx*] a> = [xy] 
(x a + qa, + x4] a> = [xy]. 


| This is a linear system of equations with a symmetrical scheme of coefficients. The sums are extend 
over the N observations x;, y;. 


The explained procedure for a parabola of second order may be used without difficulty for polynomials 
of arbitrary order. The normal equations are: 
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[x"] ap + &" * 4 a, + wavés BO cap = [xy], 


After curve fitting the wa¥e Front points, the evolute can be determined with the following 
formulae (BRONSTEIN, I.N., 1964): 


a) cartesian coordinates 


y =f (x) ai 
dx dy 2: ( 
(10) ey Bet I, ving lens 
C7 2 ; d 
oy 
oy axt 
b) polar coordinates 
r= f (a) 
x Seheona dts) (r_cos a +r’ sin a) 
(11) © ro + art = ert! 
y.ersina- (r@ + rt?) (r_ sina - r' cos a) 
c is 


ro + ar’? = rr 
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F X and Y_ are the coordinates of the centres of curvature. 





q 5. TEST EQUIPMENT, COMPUTER PROGRAM 
| 
\ 


The measurement of the phase diagrams and the directivity of the investigated antennas wea carried 
out on antenna test range 2 of the Institut fur Flugfunk und Mikrowellen of the DFVLR on a one-tenth 
scale mode? (see figure 7) (MATTES, H., 1972). The block diagram of the test equipment for the measure- | 

| 
i 
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ae re 


E mant of the relative phase and the directivity of an antenna is shown in figure 8. 


For the calculatio: of the position of the apparent phase centres depending on aspect angles an 
ALGOL computer program was written (SCHROTT, A., FORSTER, H.,» 1973). 


6. ‘SOURCES OF ERROR 


The method of the determination of the apparent phase centres from the phase characteristic is very 
sensitive to phase errors. For instance a phase error of 1° at the frequency of 1.37 GHz between two 
measuring points with an aspect angle difference of 5° causes an error of 7 ma in the lateral coordinate 
of the apparent phase centre. 





Sources of error are: ground reflections, reflections from the dielectric tower, tha model attach- 
ment and the phase reference cable, vibrations of the tower and changes in the cable delay because of 
temperature fluctuations. 


The accuracy of the analytical construction of a function known point for point 4s shown by means 
of two mathematical models. Figure 9 represents the evolute of the approximated curve of a calculated 
wave front of * point source with the coordinates x » 8.66, y = -5 (cm). The transfant errors in the approxi~ 
mated curve are clearly seen. To avoid transient errors in the actual zone of aspect angles, overlapping 
zones are added to this zone. Figure 10 represents the evolute of an elliptical wave front. The marked 
points are the nominal values. 


The use of polynomiais with the order n> 15 leads, due to the restricted accuracy of the computer 
(for short computer time single precision was used) to numerical problems so that the maximal order of the 
. polynomials used was 14, For the approximation of phase characteristics with numerous points of inflection 
F due to the limitation of the order of the polynomials the actual zone must be subdivided. 


7. AIRCRAFT ANTENNAS FOR THE CALIBRATION OF THE ZDBS INTERFEROMETER 


F For the calibration of the interferometer of the “Zentrale Deutsche Bodenstation” (ZDBS) in Weil- 
k heim-Lichtenay with the help of an aircraft special antennas for the frequency range 136 - 138 Miz were 
developed and optimized. 


Due to the different influences of the ground reflections with horizontal or vertical poler¢zation, 
the aircraft antenna shall radiate circular polarization. Radiators which meet the electrical, mechanical 
and flow demands are the crossed-slot antenna and the Archimedian spiral antenna. The crossed-slot 
antenna, which is mounted in the middle part of the fuselege, is used for the radial flights and the 
Archimedian spiral antenna, which is mounted in the left tip-tanik, for tie circular flights. The models 
of the crossed-slot antenna and the Archimedian spfral are shown in figures 11 and 12. 


Model measurements were carried out on a one-tenth scale model to find the best possible instal la- 
tion point for the antennas in the aircraft, namely an ‘English Elactric Canberra’ (see figure 13). 
Because of the physically restricted conditions of installation both antennas had to be electrically 
extended. For the crossad-slot antenna this was realized by capacitive reduction of the slots. The 
Archimedian spiral antenna was electrically extended by using a dielectric. In figures 14 and 15 sketches 
of the crossed-slot antenna, the Archimedian spiral antenna and their feed networks are shown. 


The crossed-slot anterna can be matched with the following methods; 
Change of tha position of the feed points, increasing capacitive reduction of the slots and variation of 
the depth or the resonator (the other dimensions of the resonator are physically restricted). The antenns 
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was matched so that the bandwith of the antenna was a maximum, the depth of the resonator a minimum and 
the adjustment of the capacitive loads and the feeding points uncritical. 


For good circular polarization the ends of tie Archimedian spiral antenna are terminate: with a 
matched load. The optimum phase difference between both arms of the antenna js achieved by adjusting a 
' phase shifter at the feed point. The anergy radiated from the back is absorbed with a high quality broad 
bana absorber material. Therefore the depth of this antanna jis also very small. 


In the centre of both antennas the flash light for the optical ranging system will be mounted. 


The coordinate system for the representation of the radiation patterns {is shown in figure 16. For 
radiation patterns of the crossed-slot antenna see figures 17 - 22. The radiation patterns of the Acchi- 
median spiral antenna are presented in figures 36 - 41. The beam of the Archimedian spiral antenna locks 
upwords to compensate the average rol] angle of the aircraft in the circular flights. 


The coordinate systems for the representation of the phase characteristic and the apparent phase 
centres are shown in figure 23 (crossed-slot antenna) and figure 42 (Archimedian spiral antenna). For the 
crossed-slot antenna, the origin of the coordinate system is in the point of intersection of the slots. 
For the Archimedian spiral antenna the origin of the coordinate system is in the feed point of this 
antenna. 


In Figures 24 - 35 the measured phase characteristic, the approximated phase characteristic and the 
x- and y-components of the apparent phase centres of the crossed-slot antenna for the polarizations £ 
E and left-hand circular are presented (great circle section ¢ «= 0°). The normalized electrical fieid 
strength is drawn on & linear scale, 


In the figures 43 - 54, the approximated phase characteristic and the x- and y-components of the 
apparent phase centres of the Archimedian spiral antenna for the polarizations Eye e and left-hand 
circular are presented (great circle sections 6 = 90° for figures 43 - 51 and @ = 90” for figures 52 - 
54). In contrast to the crossed-slot antenna, because of mechanical] restrictions of the posttioner, the 
centre of rotation was not in the origin of the coordinate system. 


In the actual zones of the aspect angles for the calibration 
(115° < @ < 135°, » = 0° crossed-slot untenna, 
30° < @ « 100°, @ = 90° Archimedian spiral antenna) 
the movement of the apparent phase centre is relatively small. 


8. CONCLUSIONS 


The position of the apparent phase centres witn respect to the aspect angle of two aircraft antennas 
for the calibration of the interferometer of the “Zentrale Deutsche Bodenstation” was determined. For the 
analysis of the measuring data a computer program was written. For the determination of the curve on which 
the apparent phase centres move with respect to the aspect angles a new method was evolved. In an {tera~- 
tive approach the shape of the wave front is determined. As the wave front {is known its evolute may be 
constructed with the heip of differential geometry. 


Two special aircraft antennas were developed and optimtzed. Model measurements were carried out on a 
one-tenth scale mode! to find the best possible installation point for the antennas {n the aircraft, 
namely an “English Electric Canberra". The achieved directivity as well as the position of the apperent 
phase centres with respect to the aspect angles is satisfactory. 
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Fig.3 The phase reference method Fig.4 The interferometer method 
k 





| 38-9 
oe 5 ‘ , oe ae eas aie 
: SNe Bas 
| 1 sa « : , ie 








i 
‘ 
j 
' 
i 
| 
i 





! Fig.5 Positioner of the antenna test range II of the Institut fir Flugfunk und Mikrowellen of the DFVLR 
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Fig.7 Antenna test range II 
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Fig.11 Crossed-slot model antenna 





Fig.12 Archimedian spiral model antenna 





Fig.13 | English Electric Canberra 
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Fig.14 Crossed-slot antenna assembly. Schematic diagram 












ce 
Gi 2 ee a OO ee oe oo ke ee a 
esd deiepeeeeeeted-peeemenechdet nema neememededianmmeaneratiammmeminmeltice ss eee 












700°mm 

750%mm 
2 Cavity 6 Dielectric ¢ = +6 
J Oietectic ew 2) 7 High-loss Dielectric e » 26 
4 Dielectric © = 25 8 Phase (Shifter) 


5 Archimedian Spiral Antenna 9 Balun 50-2009 


Fig.15 Archimedial spiral antenna assembly. Schematic diagram 





Fig.16 Coordinate system for the representation of the radiation patterns 
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Fig.17 Great circle section ® = 0°, 
polarization Eg 
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Fig.}9 Great circle section © = 0° , 
polarization Eg 
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Fig.18 Great circle section © = 90° , 
polarization Eg 
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Fig.20 Great circle section $ = 90°, 
polarization Eg 
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Fig.23 Coordinate system for the representation of the apparent phase centres of the crossed-slot antenna 
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Fig.24 Relative phase and field strength with respect to the aspect angles, polarization Eg 
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Fig.25  Approximated phase diagram, polarization Eg 
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Fig.27 X-component of the apparent phase centres, polarization Eg 
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Fig.28 Relative phase and field strength with respect to the aspect angles, polarization Eg ; 
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Fig.29 Approximated phase diagram, polarization Eg 
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Fig.31 X-component of the apparent phase centres, polarization Eg 
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Fig.33 Approximated phase diagram, left-hand polarization 
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Fig.34 Y-component of the apparent phase centres, left-hand polarization 
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Fig.35 X-component of the apparent phase centres, left-hand polarization 
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Fig.36 Great circle section © = 90°, Fig.37 Great circle section } = 90° , 
polarization Eg polarization Eg 
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Fig.40 Great circle section © = 90°, Fig.41 Great circle section = 90° , 
left-hand polarization left-hand polarization 


+y 


fe 
+X 
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Fig.44 Y-component of the apparent phase centres, polarization Eg , section © = 90° 
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Fig.48 X-component of the apparent phase centres, polarization Eg , section @ = 90° 
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Fig.46 Approximated phase diagram, polarization Eg , section @ = 90° 
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Fig.47  Y-component of the apparent phase centres, polarization Eg , section © = 90° 
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Fig.49 Approximated phase diagram, left-hand polarization, section © = 90° 
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Fig.50  Y-component of the apparent phase centres, left-hand polarization, section © = 90° 


z 

| 

: uf of! 
r Aad ; 


XPHC 
-30. 03 


30.90 
a ——— 
ee 
———— 


92.00 





OE 


+ | 
ol 


<= 


a ee el SSN a tee : Ge ae eg oe 
~30G.00  -970,09 = - 280. bu 740,00 — -700,00 =-$89.00 = - 170.90 = 80.09 760.09 9,00 
THETA (OEGR.) 


Fig.51 X-component of the apparent phase centres, left-hand polarization, section © = 90° 
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DISCUSSION 


JeAc MARK: Can you explain why the apparent phase centre movement is so much greater 
with the spiral antenna than with the crossed slot antenna. 


A- SCHR : This movement of the phase centre was a result of the different points of 
inatallation of the two antennas rather than any difference between spiral and crossed slot. 


R-H.J. CARY: At Lichtenau there is a tower used to calibrate the interferometer arrays. 
ey ghts been done with an aircraft to compare the model experiments and the tower 
calibrationg 


H. OTTL: The boresight tower in the Lichtenau is only needed for amplitude and phase 
Pattern measurements of the interferometer ground antennas. 

The airplane with the crossed slot antenna and the archimedian spiral acts as an 
artificial satellite for calibrating purposes of the whole interferometer system (including 
antennas, Pedestals, delays in the connecting cables, receiving system Beech. 

The flight path of the Plane will be Photographed and compared against star position, 
So a calibration of interferometer is possible, 


Sie aA ee ee ee 
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OFF-BORESIGHT ANGLE ESTIMATION 
WITH A PHASE COMPARISON MONOPULSE SYSTEM 


W. Sander 
Forschunesinstitut flir Funk und Mathematik 
D S307 Wachtberg-Werthhoven, Kinigstr. 2 
Germany 


SUMMARY 


This paper deals with the problem of estimating the angle of arrival with a 
phase comparison monopulse (PCM) system in the presence of internally generated thermal 
noise, A maximum likelihood analysis produces the form of the estimate which does not 
differ essentially from that found earlier for an amplitude comparison monopulse (ACM) 
system. In deriving the probability density function (pdf) of the estimate, no 
approximations of the nonlinear monopulse error curve are made. Therefore mean and 
variance of the estimate computed by numerical integration are valid at any signal- 
noise-ratio (SNR) and at any angle. 


The bias of the estimate at low and moderate SNR is higher than known by other 
theories. A computer simulation proves the correctness of the results. 


A comparison between radar and passive beacon tracking mode is made, and the 
problem of bidimensional] anple measurement is mentioned. 
1. INTRODUCTION 

At the Forschungsinstitut flr Funk und Mathematik (FFM) an experimental, 
ground-based, electronic radar system (ELRA) is designed and set up with the emphasis 
on the signal processing area. This project includes both the hardware: 


- the electronic antenna (ELAN) consisting of separate active transmitting 
and receiving phased arrays in the S-band, 


- the common phase shift arithmetic unit, 


- coherent and incoherent signal processors, e.g. doppler filter and 
sequential detector, 


- two process control computers TELEFUNKEN TR86, 
- the main computer SIEMENS 4004/150, 
- units for control and maintenance, 
and the software: 
= automatic test and diagnostic routines, 
~ search, acquisition and track procedures, 
- air-traffic records, and synthetic air-traffic displays. 


The active antenna ELAN has the following design features which have been 
Presented in detail by WIRTH (1972). The transmitting antenna can be characterized by 


- $00 printed folded-dipoles which are located on a circular A/2-grid with a 
diameter of about 43 1 in a space-taper configuration (SONTGERATH, 1973), 


- disc-seal triode amplifiers with 700 watts peak pulse power each, 
- 3 bit PIN-diode phase shifter 


- constrained feed. 
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The receiving antenna: 


- 1300 channels consisting of a dipole followed by a balanced Schottky diode 
mixer, a low-noise IF-amplifier, a 3 bit phase shifter and a quadrature 
synchronous detector, 

- five sum beams which are independentiy steerable by time multiplex switching 
in the search mode, 


- a cluster of coherently formed beams (sum and difference) in the track mode. 


A small version of the antenna with 25 transmitting and 39 receiving elements 
(ELAN 25/39) has been driven successfully. It has been described by GROGER (1972) and 
served mainly to test the components and their co-operation. The system will be expanded 
to 100/100 elements till the end of the year. Figure 1 shows the antenna cabins and the 
building which contains the signal processing units and the computers. 


The antenna is to be used in an open-loop tracking scheme so that the question 
of the off-boresight angle measurement accuracy arises. Literature on this subject is 
sparse especially on PCM systems. The problem has been treated here in a more general 
way so that the results are extendable to other systems. 


1.1 Some preliminaries 


The cosines (u,v) of the angles between the direction of an incoming signal and 
the axis of a Cartesian co-ordinate system (x.y), which is based on the plane of the 
aperture, have been chosen as angular co-ordinates. That has the advantage, that the 
beamwidth expressed in these direction cosines does not change 1f the direction of the 
phased array is scanned away from the antenna normal. All numerical results are 
normalized to the 3dB-beamwidth of the sum beam. To get the informations in other 
co-ordinate systems, e.g. azimuthand elevation, the known transformation formulas have 
to be used (e.g. VON AULOCK, 1960). 


_ The problem of angle measurement has been restricted to the unidimensional case. 
Deviations with bidimensiona] angle measurements are discussed at the end of the paper. 


By "boresight" the electrical direction of the antenna is meant, which is given 
by the zero of the difference beam Eeaps by the peak of the sum beam and which may not 
correspond to the physical normal of the aperture of a phased array. Consequently 
off-boresight angles are those which differ from this direction but lie within the main 
beam of the sum pattern. 


Numerical results are presented for the beacon track mode, that is, only the 
parameters of the receiving antenna are used. At the end of the paper the radar working 
mode is discussed. 


2. ANGLE MEASUREMENT 
2.1 Coherent beam forming 
At the output of each channel of the receiving antenna the in-phase z_ and 


quadrature zg components of the received signal are available, By summing them with equal 
weights the in-phase s~ and quadrature s, components of the sum signal are generated. 


N 
Se “AD, 2c, = Su) Acos¥ +14 ais 


N 
$5 = & Les = SculA sin¥ + mm (1b) 
with os 
A = magnitude 
of the received signal 
Y = phase 
Ns number of elements 
S(u) = real one-way sum pattern 


u « direction cosine 


ny,n2e noise samples generated by thermal noise. 





eT ee ee ee 
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The main region of the sum pattern may be approximated by 


Stu) = Sin(Csu) (2) 
Cu 
with 
Cy = 2.78 
; Variable weights c,; are used to form the components d, and dg of the difference 
signal 
ch eee Asi (3a) 
d& *whe 2c; Diu) sin? + 3 
Ld 
ds = wh ci 25 = Diu Acos¥ + ry (3b) 
with D(u) = real one-way difference pattern. 


A phase shift of 1/2 occurs between sum and difference signal. The optimum 
weighting factors cy have been found by ML analysis. They are proportional to the 
distance of the antenna element from the co-ordinate axis and normalized so that sum 
and difference beams give the same noise power output. BRENNAN(1962) has derived it in 
the special case of a linear array with equally spaced elements. 


Xi 
CGF —— 
A 2 X,;# co-ordinate of the i-th element (4) 
Va 2% A 


The main region of the difference pattern may be approximated by 


D(u) i A- cos(c2u) (5) 
c2u 
with & = 3.24 


Tnis manner to get the difference signal belongs to the phase comparison monopulse 
system. Since all antenna elements ure arranged with their electrical axis parallel, an 
incoming signal causes the same amplitudes at all channel outputs but different phase 
shifts, which contain the angle information. peste a high number of elements, the main 
disadvantage of a PCM system, namely the sensitivity against relative phase shifts 
Seeiet in the mixer and IF-eamplifier stages of the individual channels, has been 
avoided, 


The four components of the sum and difference signal are combined to produce the 
normalized difference signal Q. 


S dg ~ § d, 
a c sf 6 
Ww = Sta st (6) 
The signal w is corrupted by noise. 


a 


w=wt ns (7) 


with w=ew(u) s ray (8) 


w is an odd function of the off-boresight angle u and has a pole at the first zero of 
eis beam. Due to this pole the slope of the function becomes steeper with increasing 
angle, 


2.2 The angle estimation procedure 
A ML analysis demands to vary the angular position of the antenna until the 


normalized difference reaches zero. This very angle 0 is the ML estimate in the case of 
a single hit system with amplitude and phase of the received signal unknown. 


( = 9 
ENT one 0 (9) 


: 
; 
) 


39-4 


This procedure is unbiased but proves to be a closed-loop system which should be 
excluded in this analysis. 


A suboptimum procedure uses the relationship between the normalized difference 
signal and the off-boresight angle. 


In the vicinity of the boresight (10) may be approximated by a straight line 


G= ky w (11) 


or at greater off-boresight angles 





G= Kw (1+ Ky Ww?) (12) 


with k}, kz constants. 


In an analog manner the sum beam function (2) is replaced by a constant that 
does not take into account the decrease of the SNR when the target moves away from 
boresight, The estimate given by (11) or (12) is optimum only at weo that is for 
targets which happen to be at or near boresight. 


With ELAN it is possible to form squinted sum beams by suitable choice of the 
weighting function of the beam forming network to simulate an ACM system, too. In this 
case the ML estimator has essentially the same form found in the PCM case with the 
difference that the components of the beams are no longer independent variables. The 
normalized correlation coefficient depends on the beam forming weighting function and 
decreases with increasing squint angle. It amounts about 0.77 at a squint angle of 
0.5 bw (resp. 0.3 at 1.0 bw) and may not be neglected. In the PCM case the weighting 
functions are orthogonal resulting in a negligible small correlation. 


So the results of this PCM system may be compared with those found by MOSCA (1968), 
who analysed an ACM system with no correlation between the beams. But compared to that 
work we succeeded in deriving the pdf of the estimate what pives more precise results 
in determining mean and variance of the estimate. 












2.3 The probability density function of the estimate 


At first we derive the pdf of the normalized difference signal ®, which is 


equivalent to the pdf of the off-boresight angle estimate 0, if (11) is used as angle 
estimator. 


The four noise samples of the components of sum and difference signals are real, . 
independent, Gaussian, random variables with zero mean and equal variance o . Therefore 


the joint probability density function of the components conditioned on a signal source 
being at an angle u is given by 


Py (56.55, d¢,dslu) ngwtx exp |- (s= Shcos [5 SAsingol de + DAsin'?)- +{ds- Dacor | 


2 2 


(13) 
We transform these variables into another space by the following one-to-one 
Mapping. 
W = Se 
W2 = Ss 
(14) 
Ws = d,- 
ae Sc ds - Ss de 


9 ee 


i cake ik SR cca ak neal mc i nae a A 
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The inverse transformation formulas are: 





. So = W4 
: enn (15) 
. d. = wWw3 


a dg = Wawa + W (wi? + wi") 
- | sf 


The Jacobian J of (15) is simply 


2 2 
F ze ds| _ 1+ We 
; aw wW4 (16) 


The joint probability density functions of the old and new variables are related 
by (DAVENPORT, ROOT, 1958) 


We Ws + Wlwa? + wz") ) 


Pp (wr, W2,3, Iw) = [3S]: Pr(scews, Ss" We, des wy, ds= WA 
; ; (17) 
Bt To get the wanted pdf of ® we must carry out an integration 
; z { A 
E & p3( lw) = } P2 (ws ,W2, Ws wiw) dw, dw, dw3 
} (18) 


- 00 


From (18), (17), (16), and (13) we find after some tedious calculations 


p3(alw) - seelte { Itt) +(2t+ s'w)f Io(t) + T,(]] (19) 


where a + 
; f(t+ww) 2 
= 0 ° e—_—_—_— = 
: : 7 +o 


I, ,1, = modified Bessel functions of order zero and one 
2 
= Ay = SNR at the top of the sum beam 
6 
e's ¢-S%u) = SNR at the actual angle u 


A second unidimensional transformation leads to the wanted pdf, If we use the 
linear approximation method (11), the pdf is merely 


py(dlu) = Gj py (w= 0/ky |W =U/ky ) (20) 


If we want to know the exact pdf of u without any approximation the complete 
relationship (10) has to be used. In general this function is unknown, but we know the 


inverse function 


(21) 


w = 9 lu} 
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The difference signal w is a single valued , nonlinear, but differentiable function 
of u. These properties are sufficient to compute the pdf of 6 by the following formula. 


= ola) 
dG 


This pdf has been plotted in figure 2 for a target at different positions with a 
SNR = 6dB at boresight. We used the exact sum and difference beams of the above mentioned 
small version of ELAN with 39 receiving elements which can be represented by (2) and (5) 
with a good accuracy. So other antennas with sin x/x patterns will obtain comparable 
results. 


ps(Glu) ‘P3(@=g(a)}we=glu)) as 


The pdf becomes more and more unsymmetrical at increasing off-boresight angle with 
a decreasing maximum, The most probable angle does not correspond to the actual angie. 
Figure 3 shows now the unsymmetry decreases while the SNR increases. 


The form of the pdf remembers the pdf MOSCA (1908, fig 1) has plotted, which 
corresponds to the pdf of the ratio of two Gaussian random variables. 


2.4 Mean cf the estimate 


Mean and variance of the estimate can be found by computing the first (23) and 
second (24) moment 


“ 
Umax 


e{aj= Ja pi@tu) da 


{ 23) 


A 
Umax 


E{ df= 5 oO p(Qiu) dda (24) 


“Umar 


The limits of integration are given by the first zero of the sum beam where the 
normalized difference signai has a pole 


Une 4o18 
(25) 


These moments could not be derived analytically but due to the good aecuree 
behaviour of the integrand a calculation by numerical methods is possible without 
difficulty. So we can avoid the usual trouble in finding a measure of dispersion which 
arises when the pdf is unknown. 


At low and moderate SNR the estimate is biased at off-boresiyht that is, the mean 
of the angia ostimate differs from the actual angie by the bias bs 


bg =u- Efi} (26) 


This bias has been computed by use of (26), (22) and (22) and plotted in figure 4. 
It shows the grovth of the bias cf au on-boresight target with a distinct SNR when it 
moves cff-boresight. To prove the correctness of these results a computer simulation 
has been performed. Crosses represent values found by 4 simulation with 1000 trials, 
At this small number of trials, which could not be increased by reason of lacking 
computing time, the poe of the internally generated random variables do not yet 
agree exactly with the imagined nurmal variables, though the correlation between 
computed and simulated values is good. In spite of the le«s precise results the simulation 
consumes much more computing time than the numerical calculation. 


ete (1968) hes computed the bias of the estimate in the linear approximation 
case 1). 


bg = uexpl-?] (27) 


This an¢ the uxact computed function are comparedin figure 5. By changing the SNR 
in (27) both curves can be made cvinciding over a sufficiently great range 


hy = uexpl-s"J (28) 


with 
pos 2S*(u)s x (u) ss 4 


The first term takes into account the decrease of the SNR at the sum beam, the 


second term depends on the nonlinearity of the normalized difference signal. From figure 
§ we find 





" 2 dB C.1 ti 
f= Oty dB at ul 


At SNR #-10 dB the angle intormation has heen almost totally suppressed. This 
confirms the known rule to increase the SNR by integrating the signals of several hits 
and then to estimate the angle rather than to integrate the angle estimates of several 
hits. 


i 
' 
' 
{ 
{ 


2.5 Variance of the estimate 


The variance of the estimate increases at off-boresight, too (fig.6). The Cramér- 
Rao lower bound of the ML estimate is given by 





: 4A 
) 6g = —— (29 
: “  Ka\f 2s (29) 


ae Ka = C2/2 = 4.62 


From this we would deduce that at u = 0.5 where the SNR is halved the variance 
would be increased by the factor YZ . But due to the nonlinearity of w this increase 
is smaller. Crosses represent again values of the computer simulation. 


The variances of both methods are compared in figure 7 with the Cramér-Rao lower 
bound (29). In the case of u = O this lower bound is reached for SNR > 4dB. At u0 
the same relation is valid if the SNR is changed taking account of the declining SNR at 
off-boresight and the nonlinearity of the difference signal. 


og 2 4 
K V2 F" (30) 


with the empiric magnitude of 
0.4 dB 0.1 
£ iss f£- 2.3 dB at Uz 0.5 


At a SNR <4 dB the signa! compression effect begins, and no simple relationship 
between the variance on the one hand and SNR and off-boresight angle on che other hand 
could be found. 





3. EXTENSION TO OTHER SYSTEMS 


a enw ere a EL 


3.1 Radar mode 


In chapter 2 only the properties of the receive antenna have been considered. 
Therefore the results ure valid in those cases where the power reradiated by the signal 
source does not depend on the direction of the receiving antenna, for instance 


~ in tracking an active source (beacon), 
- bistatic radars, 


- monostatic radars with a considerably broader sum beam of the transmitting 
antenna 


i - monostatic radars with independly steerable receiving and transmitting beams 
i the latter being fixed. 


In a normal monostatic radar, where receiving and transmitting antenna look 
into the same direction, the SNP is worsened additionally by the influance of the 
transmitting antenna. In equations (1) and (3) the one-way gain patterns of the 
receiving anteana have to be multiplied with that of the transmitting antenna. 
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Se Spe 
D= S;- Dp 
(31) 
with Sp = sum beam of the transmitter 
Spz " “on "receiver 


Dp = difference beam of the receiver 


When forming the ratio (6) we get the same normalized difference signal as in 
the beacon mode for Sy can be reducted. The only difference is the more rapid decay 
of the SNR at off=boresight angles. But if we take account of the fact that the total 
3dB-beamwidth of both antennas is smaller than the beamwidth of a single antenna and 
that all numerical results are related to this beamwidth we can transfer all results 
into the radar mode without change. 


3.2 Bidimensional angle measurement 


By forming a second orthogonal difference beam a bidimensional angle measurement 
is possible. The correlation between both the angle estisates is very small so that their 
variances may be summed by vector addition. The sum beam has a radial pattern so that 
the SNR associated with the sum pattern depends on both angles u and v. The previous 
results are valid only in the case vzo. For vdo the definition of the SNR in (19) must 


be changed to 
ge 9 S (WF + v7} 


4. CONCLUSION 


The nonlinearity of the normalized difference signal increases the bias and 
decreases slightly the variance at off-boresight angles. 


To determine the bias of the estimate an earlier known relation (28) between 
bias, angle, and SNR may be used. The inserted SNR must be reduced by two terms. One 
term takes account cf the worsened SNR of the sum beam at cff-boresight angles, the 
other of the above mentioned effect. 


At SNR>4dB the variance of the estimate is given by the Cramér-Rao lower 
bound (30). At off-boresight angles the inserted SNR has to be changed by two terms, 
the first being the same as above. The second term magnifies the SNR. 
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Fig. 1 Antenna site 
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Fig. 3 


Probability density function of the estimated 
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Fig. 5 Bias of the angle estimate 
Comparison between iinear approximation and 
nonlinear theory 
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Fig. 6 Variance of the angle estimate 
(Crosses represent values found by computer 
simulation) 
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ROLL PLANE ANALYSIS OF ON-AIRCRAFT ANTENNAS* 


by 
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Columbus, Ohio 43212 
28 June 1973 


ABSTRACT 


The roll plane radiation patterns of on-aircraft antennas are analyzed using high frequency solutions. 
This is a basic study of aircraft-antenna pattern performance in which the aircraft is modelled in its 
most basic form. The fuselage is assumed to be a perfectly conducting elliptic cylinder with the antennas 
mounted near the top or bottom. The wings are simulated by arbitrarily many sided flat plates and the 
engines by circular cylinders. The patterns in each case are verified by measured results taken on simple 
models as well as scale models of actual aircraft. 


I, INTRODUCTION 


This paper presents a basic theoretical study of roll-plane aircraft-antenna patterns for the UHF and 
microwave frequencies in which the antenna is mounted on the fuselage near the top or bottom. Since it is 
a study of general-type aircraft, the aircraft is modelled in its most basic form. The fuselage is assumed 
to be a perfectly conducting infinitely long elliptic cylinder. The wings and horizontal stabilizers are 
modelled by n-sided flat plates which lie in a plane that is parallel to the fuselage axis. The engines 
are approximated by circular cylinders. 


The need for this type of solution is basically two-fold. First, there may be upwards to 200 antennas 
mounted on a single aircraft. If these antennas can be located on the aircraft at the design stage, then 
one can expect better performance in that optimum locations and necessary structural changes can be an- 
ticipated. Secondly, antenna systems are normally added or changed in the course-of an aircraft's useful 
Ven Such relocation or addition of antennas has always required a great deal of engineering time 
and money, 


Some of the first solutions used to compute on-aircraft antenna patterns were the modal solutions for 
infinitely long circular (Carter, P.S., 1943) and elliptical (Sinclair, G., 1951) cylinders. The fuselage 
was modelled by a cylinder whose c-oss-section approximated the fuselage cross-section at the antenna 
location, Arbitrary antennas were considered, and the antenna could be mounted on or above the fuselage, 
Results were quite adequate provided the aircraft structure was not illuminated too strongly. In fact, 
these solutions have provided the primary high frequency analysis to date. However, with the desire to 
improve system performance, versatility, and coverage the antenna pattern must be shaped for the desired 
application in such a way that it may actually illuminate the structure quite strongly. In many cases the 
system's performance is dependent on the pattern effects of the secondary contributors. 


Another approach that has found great success at solving this type of problem is the Geometrical 
Theory of Diffraction (GTD). GTD is basically a high frequency solution (object large in terms of wave- 
length) whtch is divided into two basic problems; these being wedge or tip diffraction and curved surface 
diffraction. The only limitation of these sotutions is that the source and various scattering centers be 
separated by at least a wavelength. In some cases even this requirement can be relaxed. Using this ap- 
proach one applies a ray optics technique to determine the fields incidert on the various scatterers. 

The fields diffracted are found using the GTD solutions in terms of rays which are summed with geometrical 
optics terms in the far zone. The scattered energy, which is analyzed in terms of rays, from a given 
Structure tends to illuminate the other structures causing various higher-order scattered terms. Using 
the ray optics approach, one can trace out the various possible combinations of rays that interact between 
various scatterers and include only the dominant terms. Thus, one need only be concerned with the dominant 
scattering structures and neglect the secondary structures in the theoretical model. This makes the GTD 
approach ideal for a general high frequency study of on-aircraft antenna patterns. 


II, WEDGE DIFFRACTION 


The three dimensional wedge diffraction problem is pictured in Fig. 1. A source whose radiated EF 
field is given by El(s) is located at point s'(p',o',z'). It can be an arbitrary electric or magnetic 
source causing plane, cylindrical, conical, or spherical wave incidence on the wedge tip. The diffracted 
vector field at point s(p.¢,z) can be written in terms of a dyadic diffraction coefficient, Kouyoumjian 
and Pathak (1970) have given a more rigoruus basis for the GTD formulation and have shown that the dif- 
fracted fields may be written compactly if they are in terms of a ray-fixed coordinate system, The ray- 
-fixed coordinate system is centered at the point of diffraction Qe, (or points of diffraction in the 
case of plane wave incidence), Qg¢ is a unique point or points for a given source and observation point. 
The incident ray diffracts as a cone of rays such that b* ty (see Fig, 1). 


*The work reported in this paper was supported in part by Grant NGR 36-008-144 between National 
Aeronautics and Space Administration, Langley Research Center, and The Ohio State University 
Research Foundation. 
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For our purpose, it is more convenient to write the diffracted field in terms of the VB function 
(Hutchins, D.L.. 1967) as 


d - i 
E,(s) “Vp 0 E, (Q-) jkL 

q) . ne as) @7Sks 
e4(s) 0 -v E! (Q,) 


where 


Vp = Vg(Lov on) + Vg(Lsv" sn) . 


The time dependence factor (edt) is suppressed throughout this paper. The minus sign (Vg) applies for 
the E-field component parallel to the edge and the plus sign (VE) applies for the E-field component per- 
pendicular to the edge. The angular relations are expressed by 


yey =oFo' for ox dso! samy 


where the minus sign (vy ) is associated with the incident field and the plus sign (y*) with the reflected 
field, The quantity A(s) is a ray divergence factor given by (Pathak, P.K. etc., 1970) 


( L_ plane, cylindrical (s=o) 
te and conical wave incidence 


A(s) = 
s . 
STs ts spherical wave incidence 
and L is given by 

s sin’, plane wave incidence 

L = ote cylindrical wave incidence 
s's sin@s 

oO conical: and spherical wave 

sts" incidence. incidence. 


III, DIFFRACTION BY ELLIPTIC CYLINDER 


The radiation from slots and monopoles mounted on smooth curved surfaces is pertinent to the design of 
flush-mounted antennas for aircraft and spacecraft. Recently, Pathak and Kouyoumjian (1972) have extended 
the GTD technique for plane wave diffracticn by perfectly conducting convex surfaces to treat the radiation 
problem, This extension of GYD has been successfully applied to circular and elliptic cylinders, spheres, 
and spheroids (Burnside, W.D., 1972). 


The GTD solution for the radiation by antennas mounted on convex surfaces employs the reciprocity 
theorem. Using this approach a plane wave field is assumed normally incident on a right circular cylinder. 
The antenna aperture field is, then, given by asymptotic solutions for exact expressions of the field on 
the cylinder surface. Employing the reciprocity theorem, one obtains the radiated field for that same 
antenna mounted on the cylinder, The geometrical optics solution is used to describe the radiated field 
tn the lit region. The Fock approximation is used for the penumbra (transition) region; whereas in the 
deep shadow region, the GTD solution is applied. Using the GTD solution, a launch coefficient relates the 
antenna aperture field to the boundary layer surface waves which propagate around the surface along 
geodesic paths. Energy is continually diffracted by the surface wave in the tangent direction to the 
propagation path, This diffracted energy is given by a diffraction coefficient which is dependent on the 
surface geometry at the point of diffraction. The surface wave energy decays along the geodesic path in 
that energy is continually diffracted, This decay is expressed by an attenuation coefficient which is 
dependent on the surface geometry along the geodesic path. 


The GTD solutions for infinitesimal slot and monopole antennas mounted on an elliptic cylinder as 
shown in Fig, 2 are given, neglecting torsional effects, by 


A. Monopole case 


Lit Region 
(2) Ex - sing a, F(source) 
Transition Region 
a) Lit side 
» a jks k 1/3 
(3) —E =n <sin Oy) 4s ev" *g* aan daly ° F(tangent) 
g ; 7 


b) Shadow side 


‘ [as : 1/3 
(4) Ben 4s wees q* (tz) a:| * F(tangent) 


2og(*) 


egg ES eS ee ae eg eT ge ee me 
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Deep Shadow 
(5) E = j ny Ey Fy (tangent) 


B. Slot case 


Lit Region 
(6) E -[c, sin B - e, cos B) - (b'n' + i6")| + F(source) 





a Transition region 
; a) Lit side 


wf 4 1/3 
z= kiaw k 
(7) £ “fife %y ( Kea as) sin(a, + alle 


: jkexg (_((_k — V3 i\re 3 
b | a2 e*"g ( Kee alg ) cos(a, + a - F(tangent) 


t source 
b) Shadow side 


hs dy 1/3 
(8) Ean 3 [ia ets “(se i de )sin(a, - B) + 
p 
g 


: [dv, ojke 3*( k 1/3 2 \/3 
-j/2 q e g a) De ‘: courcat(%5"8)| . F(tangent ) 


Deep Shadow Region 
(9) E = } [i E; sin(a,-8) + b, ES cos(a,-8)]| F; (tangent) 


where a -| vh(e)ds 
gh = 0 S pn uh 
“Yay o™m . 


m= 


s 
Ss dv, 1 $$ ‘| valle ° 
E” = rr 2. Diem e 


The functions g*( ) and §*( ) are the complex conjugates of the Fock function (Pathak, P.K., etc., 1972) 
for the hard and soft boundary conditions, respectively. The unit vectors fi and 6 are, respectively, 
the normal and binormal to the geodesic curve at the diffraction (or tangent) point, and F( ) is simply 
a phase factor to refer the phase to the origin of the coordinate system, The term is the 
: spread factor, which is related to the spread of the geodesic paths. In this case, Yo/dy is unity. 
eee: The longitudii.al and transverse radii of curvature are given, respectively, by po, and pt. Note that the 
; superscripts h and s indicate the hard and soft boundary conditions. The launch coefficients are given by 


" 1/3 
a hf 2 a 
Ce [re T2 D, () A,(-4,,) at the source 


s “J Te s(2 \*/3 ' | 
Le [+e D,, (¢) A; (-q,,) at the source 


where Dn is defined in Table I, The subscript m refers to the mth mode of the boundary layer surface wave. 
Thus, ym is the propagation constant for the mth mode surface wave such that ym = og + jk where om 1S 
defined in Table I. The incremental arc length along the geodesic path is expressed by dz. The sum- 
mation over "j" in the shadow region indicates that several terms can contribute in that region. 


One must first find an efficient solution for the geodesic paths on the elliptic cylinder surface in 


order to analyze this problem successfully using GTD. A preferred coordinate system for the elliptic 
cylinder is illustrated in Fig. 3 and defined by 


x = d cosh u COS V = ay cos v 
(10) y +d sinh u sin v= be sin v 
a 
where 2d is the distance between the foci of the ellipse. Note that for u = u¢, where u¢ = tanh”! (be/ag) 


[a constant], the above equations define an elliptical surface for 0 < v < 2n, Thus, the elliptical 
surface shape is expressed by ug, its size by d, and any point on the surface is definad by v. 
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Using the calculus of variations, the geodesic paths on an eiliptical surface are given by 


v 

f 

z= an | fa? sin@v + bé cosy dv. 
Sic? “Ys 


Note that vj and v¢ are, respectively, the initial and final values of v along a given geodesic path. If 
one defines the geodesic starting direction by the angle (a,) as shown in Fig. 2, then C = -cos ag. The 
advantage of this geodesic solution lies in the fact that the integral can be quickly evaluated using 
numerical techniques. The important parameters of this problem are listed below: 





v 
“COS a SS 
z= : | J az sin@v + be cos?v dv (geodesic equation) 
Isin a] Jv 
s i 
Ve oe 
22 ee | a siney + ba cos¢v dv (arc length) 
|sin ag | V5 
nae sinv» + be cos Vv y : . 
ey =| (curvalinear coordinates ) 
Ja sin?y + be cos¢v 
@, 2 Z 
t = sin a. e, = Cos acy (unit tangent vector) 
“ be cos v x + a sinv y 
ae (unit normal vector) 
J te siney + be cos@v 
b=txn=+ cos oe ey + sina, ey (unit binormal vector) 
2 2 2 2. \3/2 
sore APE SIR De Sew (longitudinal radius of 
9 ay by ein a, curvature) 


Using the above relations, one can employ Eqs. (2-9) to determine the total radiated fields. 


The principal plane radiation patterns (which correspond to rol? plane patterns in the aircraft case) 
are shown in Fig. 4 for a circumferential slot, axial slot, and monopole mounted on a two wavelength 
radius circular cylinder. These patterns compare very favorably with the modal solutions (Sinclair, G., 
1951) as shown in the same figures. The principal plane radiation patterns are shown in Fig. 5 for the 
same antennas mounted on an elliptic cylinder. 


IV, NEAR FIELD SCATTERING BY A FINITE PLATE 


The near field scattering by a finite flat plate is a relatively new topic at higher frequencies 
where the plate is large in terms of the wavelength. The solution presented here is a practical 
application of the three-dimensional wedge diffraction theory given earlier, The source is defined by 
its location and far-field pattern. Tne far-field pattern of the source is appropriate in that the plate 
is located at least 2D¢/\ away from the source where D is the maximum dimension of the source. The finite 
flat plate is simply specified by location of fits n corners. ; 
It is known that for a given scatter direction there is only one point along an infinitely long 
straight edge at which the diffracted field can emanate for a near zone source, Thus, this point must be 
found for each of the n edges that describe the flat plate. There are many wavs of finding this dif- 
fraction point, one of which is described here. Since it is known that By = Bo (see Fig. 1), it is 
obvious that 


(11) e.)% I= e. # d 

where @m, 1, and d are, respectively, the mth edge unit vector, incident direction unit vector, and dif- 
fraction direction unit vector. Since the scatter direction is known (05,45), the value of @m + d =.¢m 

is easity computed for each edqe, One need only search along the edge to find the point where Bie I ® Cp. 


Once the diffraction pcint is located, one must find the diffracted field value from the mth edge. 
The far field pattern of the source can be written as 
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+ ‘ x -jks' -jks' 
(12) E.(6.9) =CeF(0,o) + 46(0.9)] —-— = Rog) So — 


where s' is the range from the source to the field point. Using the geometry illustrated in Fig, 1 and 
applying the results presented earlier one finds that 


d = i 

Ry “Ye OT TR] -jrk(s'-y)-k 07 
(13) ; = e p 

+ 

RY 0 -Vgd LR, 
where 

Ry = R(8; 995) . a 

j E > , a 

Ry = R(8s 094) + % 


2 
3 ' 
ke ks’ sin By 


y = Xdp sine. cos¢, + Ydp sine, sing, + Z4p COS0, 


ip 
VB = Yg(k 029-6! 22) + Va (ko so+o' 52) 


a = a 


3 t 
% Ix By . 


The coordinates (Xdps Yap? Zap) define the point of diffraction. 


Once these terms are determined the total diffracted field in ray form from a general mth edge is 
given by 


(14) Ro(e..o.) = RAB + REG 


where ¢ = d X By. Using the superposition principle the total singly diffracted field in ray form by the 
n edges of the Fiat plate is given using Eq. (14) by 


* no + 
(15) R046) = J Ra lget) 


The first step in calculating the reflected field is to find the location of the image source, which 
is uniquely determined once the plane of the flat plate is defined relative to the source location. In 
fact, the image is located along a line which is orthogonal to the plate and positioned an equal distance 
on the opposite side of the plate. 


With the image position known, one needs to determine if the reflected field contributes to the total 
scattered field using the geometrical optics approach. If the reflected field is a contributor, the ray 
from the image source in the scatter direction (65,¢s) must pass through the finite plate limits. Thus, 
one must find the location of the intersection point of this ray and the plane containing the flat plate. 
This can easily be accomplished using vector analysis, One can, then, predict within certain limits 
whether this intersection point falls within the bounds of the finite flat plate. 


If reflections do occur, the reflected field from the image source can be written in ray form as 


~ t & jktx, sine, cose. + y, sine. sing, +z, cose. | 
(16) R"(0559,) = COFT(Oo 9G oe Ie e ' § S “Tos 8 To's 


where 0" and $" are related to the image source coordinate system with the image location defined by 
(x4s¥4o24).. The functions [F(e5,¢5) and G"(6.,¢5)] are found by employing the boundary conditions on 
the perfectly conducting flat plate. The totat scattered field from the flat plate is, then, given by 


+s 2 od or 
(17) R’(Oc0,) = R(Ogsd.) +R (O.no,) 


In order to illustrate the versatility of this solution, it is used to approximate the scattering 
effect of a disc. This is done by computing the pattern of a monopole mounted on plates with increasingly 
many sides. In Fig. 6 the calculated results for plates with 4, and 6 sides are illustrated and compared 
with the measured result for the circular disk (Lopez, A.R., 1966). Note that as the number of sides 
is increased the closer the computed and measured results agree. Note also the agreement between meas- 
ured and calculated patterns of a 1/4 dipole mounted above a square plate as illustrated in Fig. 7. 


Even though the above results show good agreement one must realize the inherent spp te at lone in 
this solution, It is based on edge diffraction with just singly diffracted edge rays being considered, 


Thus, it has been assumed that the plate is large in terms of the wavelength such that double diffraction 
is normally negligible, However, neglecting double diffraction may cause some error especially when the 
pattern is computed in the plane of the flat plate. Secondly, a diffraction term from each of the corners 
should be included, but it is not available in practical form at present. Nevertheless, the latter has 
little effect on the overall pattern except when a diffraction point (or points) approaches a corner, 

In these two cases our solution can be somewhat in error although only small angular regions are involved. 
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V. ROLL PLANE ANALYSIS 


The basic aircraft to be analyzed in this study is composed of flat plates and cylinders. It 
is assumed that the source is mounted on the fuselage and restricted to the regiuns near the top or 
bottom of the aircraft. Arbitrary antennas can be considered simply by integrating these solutions for 
infinitesimal antennas over the equivalent aperture currents. 


The lower frequency limit of these solutions is dictated by the ray optics format which requires that 
the various scattering centers be no closer than approximately a wavelength with the overall aircraft 
being large in terms of the wavelength, The upper frequency limit is dictated by the accuracy to which 
the model represents the actual aircraft considered. 


The two-dimensional problem is considered initially in order to develop the necessary techniques to 
attack the much more difficult three-dimensional rol] plane problem (Marhefka, R.J., 1971). The 
geometry of the two-dimensional problem is illustrated in Fig. 8 with and without the engines included, 
The fuselage and engines are assumed circular in cross-section and mounted symmetrically about the finite 
wing. Since wedge diffraction is applied to handle the finite lengtn wing, the radiated field must be 
described in terms of rays. However, one of the nicer features of the GTD approach is that other 
solutions such as modal solutions can be cast into a ray form and then applied to a diffraction problem. 
Consequently, it was found that the modal solution (Sinclair, G., 1951) for an arbitrary antenna mounted 
on an infinite circular cylinder was satisfactory for treating the antenna mounted on the circular 
fuselage. In fact, this solution has been applied in past years as the sole solution for high frequency 
on-aircraft antenna analyses. 


The radiation patterns for an axial slot are shown in Fig. 8a on a model without engines. The slot 
used for the measured patterns is simply an open-ended X-band wavequide. These solutions compare very 
favorably with measured results taken on a simulated two-dimensional aircraft model. The radiation 
patterns for the same configuration with the engines added are illustrated in Fig. 8b. Again very good 
agreement is obtained between our calculated and measured results. These results indicate that the 
scattering from the engines has little effect on the overall pattern except near 4 ~ 90° and 9 ~ 270°. 
The same conclusion is true for the monopole and circumferential slot which were analyzed and measured 
although not shown here. 


Since the rol? plane cuts orthogonally across the fuselage, one should expect the fuselage cross- 
section to have a strong effect on the roll? plane pattern, On the other hand, an aircraft fuselage is 
normally long and slender, such that its finite length effects are generally secondary. Consequently, 
the infinite elliptic cylinder representation of the fusele<- for roll plane calculations appears to be 
a reasonable approximation in most cases. Since the antenna can be arbitrarily positioned on the fuselage 
with respect to the wings, one must consider the width of the winy as well as its length in order to obtain 
a practical analytic model, In order to accomplish this, the near field flat plate scattering solution is 
adapted to this new model such as illustrated in Fig. 9. Note that each wing can be located arbitrarily 
with any number of edges provided only that the wings ave flat and horizontal. 


Our model, now, consists of an infinitely long elliptic cylinder fuselage to which finite flat wings 
are attached. The various configurations analyzed are shown in Fig. 10 looking from the front of the 
aircraft with the antenna mounted in each case above the wings for the models illustrated. Using these 
models, one should be able to analyze a wide variety of aircraft shapes. This is verified by a comparison 
of results taken on actual aircraft scale models and presented later. 


Let us first find the effective source location for the reflected field, Recall that jn our flat 
plate result the source was imaged and the reflected field added to the total solution provided the image 
ray passed through the finite flat plate (wing) limits. So one must initially determine the effective 
source position and then the reflected field. With the sourc2 mounted on an infinitely long elliptic 
cylinder, the surface rays fron the source propagate around the cylinder along geodesic paths, from which 
energy is continually diffracted tangentially. Now let us assume that the source does not illuminate the 
right wing directly (as illustrated in Fig. 9a) and proceed to determine the unique geodesic path that 
diffracts energy from a known tangent point which is then reflected off the wing in the desired radiation 
(or scatter) direction. 


The effective source position for reflections from the right wing in terms of the radiation direction 
(G,9%,) is given by 


x = a COS V 


e e 
(18) Y, = be SiN Vy 
‘Of 2°. 8 28 
za° cot Ce j, J ap Sin'v + be cos’v dv + 265 
so 


where Ve = tan! (bg/ag COt ¢,), These coordinates can, then, be used in the flat plate problem as the 
effective source location. Note that as the desired radiation direction is varied the effective source 
location changes. In addition, if the source directly illuminates the wing for a given reflection term 
then the effective source location is simply the actual source location (ufsVcoeZsq). A result similar 
to Eq. (18) can be found for the reflections from the left wing. Finally, the actual source field value 
uced to compute the reflected term is determined from the GTD solutions of Section ITI. 


Using a similar technique the effective source locations for the diffracted field components may be 
found. Our flat plate solution uses a search technique to find the diffraction point by computing the 
diffraction angles at selected test points along a given edge. Once a test point (xq,yqg,zq) is specified 
along the edge one can find the effective source location (Xg,YesZe) using the geometry illustrated in 
Fig. 9b. Again it is assumed that the source does not cirectly ilfuminate the test point. One finds that 
the effective source is given by 
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where Ve 

t = 2 2 2 

te a; sin'v + be cos“v dv, 

Vv f f 

Vso 


sien 2 2.2 _ «tf Ye/hs 
ly = Ja? sin Vat be COS" Vas and ee tan (set ‘ 


Given the erfective source location for the chosen test point, the search technique is anplied to find the 
actual diffraction point along a giver edge. Note that once the actual diffraction point is determined, 
the effective source of the diffracted field is specified by Eq. (19), and the source field value is, 
again, computed using the GTD solutions. 


The total field is found by summing the directly radiated field with the scattered fields from the 
wings using the superposition principle. Several different configurations have been studied using this 
solution and compared with measured results, The patterns illustrated in Fig. 11 are based on a circuler 
fuselage with the wings mounted in the central location, The roll plane pattern for 1/4 monopole is 
shown in Fig. 11a, with the antenna mounted directly above the wings. The pattern is shown in Fig. 11b 
for an axial slot mounted on the fuselage over the back limit of the wing, In Fig. llc the pattern jis 
shown for a circumferential slot mounted over the wings but rotated 45° from the straight up direction as 
considered in Fig. Tla. The patterns for a 1/4 monopole mounted on a circular fuselage wing above and 
below the central location are illustrated in Fig, 12. In Fig. 13 the roll piane patterns are i}lustrated 
for each of the three basic antennas mounted on an elliptic fuselage with the wings centrally attached. 
The patterns illustrated in Fig. 14 are for an axial slot mounted on an elliptic fuselage with tne wings i 
above and below the central position, Good aqreement is obtained between the calcutated and measured 
results in each case, The slight deviations are attributed primarily to the assumptions made in solving \ 
for the flat plate scattered field. 


VI. CONCLUSIONS 
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The solutions that have been presented here provide a high-speed analytic tool for determining the 
type and location of antennas based on their roll plane performance. These programs typically compute a 
pattern in 30 seconds or less on a COC 6600 digital computer. A 16 mm film has teen developed which i 
illustrates the advantages of a numerical solution for computing patterns for antennas on aircraft and 
is available upon request. 


An additional feature of these solutions, which can be very important in certain critical cases, 
is that one can trace out the dominant pattern terms as they are scattered by the various parts of the 
aircraft structure. In this way one can quickly ascertain which structural scatterers are distorting i 
the pattern in a critical region. This gives one the option of taking corrective action by changing the 
structure or by properly placing absorber. So these solutions not only provide fast pattern computations, 
but they also provide the antenna designer with a means of analytically considering several alternatives 
to improve the antenna's performance. i 


Each of the solutions developed have been verified by experimental results taken on a structure which 
approximates our analytic model. However, these results do not verify the general validity of our analytic : 
model in representing an actual aircraft. There are no roll plane patterns publ see in the literature i 
to our knowledge that would be suitable for our comparison. We apprec ate the efforts of NASA personne} ! 
who measured the patterns of a 1/4 monopole mounted on an accurately scaled model of a KC-135 (Boeing 707); 
as well as, the effort of NADC personnel who measured two patterns on a scale model of a F-4 aircraft. 
The results are illustrated in Figs, 15 and 16 and the agreement in each case is very encouraging. 
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TABLE I 
GENERALIZED DIFFRACTION COEFFICIENTS AND ATTENUATION CONSTANTS 


Square of Diffraction Coefficient Attenuation Constant 
DS @ (Column A) + (Coluen 8) e. = (Cotum c) - (Column 0) 
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Fig. 1. Geometry for three-dimensional wedge diffraction problem. i 
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Fig. 2. Geometry of antennas mounted on an infinitely tong 
elliptic cylinder. 
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Fig. 3. Diagram showing the elliptic cylinder coordinate system. 
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Fig. 4a. Principal plane pattern of a monopole mounted on a 2) 
radius circular cylinder. 
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Fig. 4b. Principal plane pattern of an axial slot mounted on a 2, 
radius circular cylinder. 
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Fig. 4c. Principal plane pattern of a circumferential slot mounted 
on a 2, radius circular cylinder. 
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Fig. 5c. Principal plane pattern of a circumferential slot mounted 
on an elliptic cylinder with a¢ = 4, and be = 2d. 
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Fig. 6. Radiation pattern of a stub on a circular ground plane. 
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Fig. 7. Fy radiation pattern for a small dipole mounted above a 
f = 10,43 GHz, 
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Fig. 8a. E, radiation pattern for an Fig. 8b. Ey radiation pattem for an 
axial’ slot on a fuselage with axial slot on a fuselage with engine 
finite length wing at f = 11.45 GHz. and finite length wing at f = 11.45 GHz. 
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Fig. 10. Fuselage and wing geometry for theoretical aircraft mode] 
looking from the front. 
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Fig. llc. Roll plane pattern of a circumferential slot mounted 
over the wings but rotated 45° from the straight up 
direction of Fig. lla. 
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Fig, 12a. Roll plane pattern of a 1/4 monopole mounted on circular 
rueiaee with wings attached at 45° above the central 
position. 
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Fig. 12b, Rol? plane pattern of a 1/4 monopole mounted on circular 
fuselage with wings attached at 45° below the central 
position, with same geometry as Fig. 12a otherwise. 
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Fig, 13a. Roll plane pattern of a monopole mounted on an a'Tiptic 
fuselage with centrally located wings at f = 8 GHz. 
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Fig. 13b. Roll plane pattern of an axial slot mounted on an elliptic 
fuselage with centrally located wings at f = 8 GHz. 
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Fig. 13c. Ro'l plane pattern of a circumferential slot mounted on an 
ee fuselage with centraily located wings at 


GHz. 
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Fig. 14a. Roll plane pattern of an axial slot mounted on an elliptic 
fuselage with the wing attached above the central 
location at f = 8 GHz. 
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Fig. 14>. Rol) plane pattern of an axial slot mounted on an elliptic 
fuselage with the wings attached below the central 
location at f = 8 GHz, 
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Fig. 15a. A 4/4 monopole mounted on the fuselage of a KC-135 
forward of the wings. 
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Fig. 15b. A 2/4 monopole mounted on the fuselage of a KC-135 over 
the wings. 








em = = => MEASURED (NADC) 
ommmnes= CALCULATED 








RELATIVE POWER (dB) 


308 


Fig. 16a. Roll plane pattern of a 1/4 monopole mounted 11" from the 
hose on the bottom of an 1/8 scale model of an F-4 
aircraft at f = 8.0 GHz. 
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Fig, 16b. Roll pattern of a circumferential slot mounted 35-1/4" 
from the nose on the top of an 1/8 scale model of an F-4 
aircraft at f = 6,0 GHz. 
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DISCUSSION 











4A, SCHRUIT: 4) Whieh method do you use in order to calculate the incident field? 
2) Do you consider multiple diffraction? 
i 3 Can you caleulute the diffrected field of obstacles in the near 


field of your centenna? = : 


q \ W.D.BURNSIDE: 4) The incigent fielus ure calculated using the standard GTD solutions 
: f Professor Kouyoumjian of Unio Stute University. If these reports are not available to 
‘rou I might be able to assist. Basically three wegions of field are considered:- 
a) the 1it rezion ( geometric opties) 


oda rasan a haces et 


b) the transition region ( Fock functions ) 
ce) the shadow region ( creeping waves ) 
i The edge diffracted fields are additionally included using wedze diffraction. 
Multiple diffractions are not included in our solutions in that they are only strong 
in the plane of the wings and found to be rather weak. This is apparent in that our 
resulting patterns do not have jumps.additionally.multiple diffractions for arbitary i 
orieted edges is quite conplex. a 
3) We can conpute patterns up to a wavelength of the source or any 





scattering centre 


W.HERSCH: There are several aspects that ure of real importance when installing an 
antenna on an aircraft, particularly if one considers operation at microwvae frequencies. 
, Can your programze take into account thet typleal circruft surfaces are curved in two 
q Planes, that the phase centre of the antenna above the fuselace materially affects the 
r elevation pattern and that the primary radiation pattern of any basic antenna is as a rule, 
é seriously disturbed by protuberances fron the aircraft, e,g, the proximity of other 
antennas or the cockpit window affecting the performance of a forward looking microwave 
antenna mounted on the nose of the aircraft. 


ss Jiu. HANS#N: Does your programme take into account multiply diffracted ruys or do you 
; consider single diffracted rays only? 


W.D.3URNSIDE: The programme does not include multiply diffacted terns in that they 
only appear of any considerable magnitude in the vicinity of the plane of the flat plate. 
If these were important then we would have jumps in our calcul:ted putterns in these regions. 
However, we have not seen jumps greeter than about 1 dB in our patterns. Thus the results 
of neglecting -nultiple diffrections do not seem serious. 
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INVESTIGATION OF CHARACTERISTICS AND PRACTICAL IMPLEMENTATION 
OF ARBITRARILY POLARIZED RADIATORS IN SLOT ARRAYst 


J. S. Ajioka, D. M. Joe, R. Tang, N.S. Wong 
Hughes Aircraft Company 
Ground Systems Group 
Fullerton, California 92634 


SUMMARY 


The feasibility of obtaining arbitrary polarization in both one and two dimensional arrays of slots in dual mode 
bifurcated waveguides has been demonstrated. The radtating element consists of a pair of crossed slots in the 
sidewall of a bifurcated rectangular waveguide that couple to even and odd waveguide modes. One linear polarization 
{ts excited by the even or "sum" mode and the orthogonal linear polarization is excited by the odd or "difference" 
mode. By superposing the sum and difference modes in the proper amplitude and phase, any arbitrary polarization 
can be synthesized. 


A two-dimensional array consisting of eight waveguide linear arrays, ferrite phase shifters for scanning in 
the plane normal to the linear arrays and a feed network for power distribution and polarization control was 
constructed. Good radiation performance for various polarizations was obtained. In the case of linear polarization, 
the cross polarization component was down on the order of -25 dB and in the case of circular polarization, the 
axial ratio was on the order of 1 dB. The polarization was controlled with a phase shifter. Close in sidelobes of 
better than 20 dB were obtained for all polarizations. The above performance characteristics were obtained over a 
scan range of +20 degrees. 


1, INTRODUCTION 


Polarization agility is desirable for maximizing the signal to clutter or signal to jammer ratios for various 
target shapes. In principle, it is possible to suppress a jamming signal by using a polarization orthogonal to the 
jaminer even when the jammer is within the main beam--an impossibility with coherent sidelobe cancelling 
techniques, Although circular polarization is effective for rain clutter rejection, it has a degrading effect in clear 
weather. Since it often rains in only certain sectors and may be clear in other directions, electronic polarization 
control is an obvious advantage. Other possible applications of polarization diversity is for minimizing friendly 
interference between radars operating in the same frequency band and it can also be used to minimize target glint 
problems because the nulls in a radar target cross section pattern are generally polarization dependent. Polari- 
zation versatility is generally unavailable in slot array antennas because of the difficulty in its implementation, The 
use of mechanically rotatable quarterwave plates in front of a conventional linearly polarized slot array aperture 
achieves limited success. However, this technique is cumbersome mechanically, and polarization cannot be 
changed on a pulse-to-pulse basis. This paper describes the theory, design, development and experimental 
performance of a slot array with electronically controlled polarization. 


An arbitrarily polarized antenna is an antenna which can provide the most general elliptical polarization. 
This elliptical polarization includes near and circular polarizations as special cases. In order to obtain 
polarization diversity, two orthogonal polarizations must be provided by the radiating element. The orthogonal 
polarizations can be dual linear or dual circular polarizations or they can be any two orthogonal elliptical 
polarizations, For instance, crossed slots, crossed dipoles, open-ended square or circular waveguide carrying 
the two dominant modes provide two orthogonal linear polarizations. Superpositioning of these orthogonal polart- 
zation components in the proper amplitude and phase can provide the most general elliptical polarization. 


Hougardy and Shanks? have investigated an arbitrarily polarized linear slot array with crossed slots. One 
slot of the crossed slot paix couples to the TE19 mode and the other slot couples to the orthogonal TEg) mode of the 
square waveguide. By controlling the relative amplitude and phase of these two modes arbitrary polarization is 
achieved. Since the dimensions of the square waveguide are too large to be fitted into a two-dimensional array 
unless It ts dielectrically loaded, it ts not readily adap:able for two dimensional scanning arrays because of grating 
lobe formation. Ajioka has Bugpestee that a rectangular waveguide loaded by a septum can possess two modes with 
equal phase velocities. Elltotté and Stlvester3 have independently investigated this posstbility and concurred in their 
findings. The septum waveguide will circumvent the space problem because the waveguide height can be made 
arbitrarily small without affecting the cutoff wavelength (see Figure 1). In addition to the septum waveguide, a 
rectangular waveguide with E-plane bifurcation which can support the sum or difference mode with exactly equal 
phase velocity is also a very attractive structure for the cross slot array design. Some of the methods of exciting 
the cross slots have been documented in a patent granted to Ajioka,4 A possible method of exciting cross slots ina 
bifurcated waveguide is shown tn Figure 2, Since the partial septum waveguide has no advantage over the bifurcated 
waveguide for slot arrays and it possesses several disadvantages such as tighter fabrication tolerance requirements, 
poorer higher power handling and difficulty in equalizing the slot coupling to the two modes, {t will not be discussed 
fu.ther in this paper, 


2. PRINCIPLE OF OPERATION 
The principle of operation of the antenna is based on a dual mode waveguide of such a geometry that each 


mode acts as an independent transmission line and independently excites orthogonal polarization fields in a dual 
polarizable element in a simple and convenient manner. By proper combination of these two orthogonal 





tThis work was supported by USAF Cambridge Research Laboratories, Office of Aerospace Research, 
L. G. Hanscome Field, Bedford, Massachusetts under Contract F19628-70-C-0142. 
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polarizations, any arbitrary polarization is realizable. Figure 2 shows a bifurcated waveguide operating in the sum 
and difference modes to give the orthogonal polarization. When the two halves of the bifurcated wavegulde are 
excited in phase (sum mode) all R.F. currents on both sides of the septum flow in opposite directions and there is no 
field excited in the septum slot, In the sum mode, the bifurcated waveguide acts essentially as a single waveguide of 
twice the height operating tn the dominant TEj9 mode. Hence, any aperture cut in the sidewall will have a com- 
ponent of electric field (E-vector normal to the waveguide axis) excited in it due to the interruption of the transverse 
shunt currents In the waveguide. !f the aperture is symmetrical about the axis normal to the waveguide axis, the 
sum mode will produce only a net polarization normal to the waveguide axis. Now if the two waveguide halves are 
excited in anti-phase, the R.F. currents in both sides of the septum will flow in the same direction and any aperture 
cut in the septum will have a component of field excited in it polarized in the same direction as the current that it 
interrupts. Also, the transverse currents in the sidewall flow in opposite directions; hence, their effects cancel 

in the sidewall aperture resulting in no radiation if the aperture is small enough to prevent the higher order odd mode 
from radiating, The slot in the septum is excited by the difference mode, this slot in turn excites the radiating 
sidewall aperture with polarization parallel to the waveguide axis. In short, the sum mode excites perpendicular 
polarization and the difference mode excites longitudinal polarization independently to produce the desired 
orthogonal polarizations. 


3. MBTHOD OF CONTROLLING SLOT EXCITATION 


In order to design an aperture distribution which gives the desired radiation pattern, the slot excitation must 
be controllable over a wide range of coupling coefficients for both polarization modes. Since the direction of the 
main beam depends on the phase velocity of the feeding wave, it is necessary that the loaded phase velocities of the 
sum and difference modes be cqual so that their main beams coincide for all frequencies. Both the loaded phase 
velocities and slot excitation depend on the slot parameters. In the sum mode, the crossed slot is excited by trans- : 
verse currents {n the sidewall and is most simply represented by a shunt admittance. In the difference mode, the i 
crossed slot ts excited by the septum slot which is in turn excited by the longitudinal current in the septum and is 
most simply represented by a series impedance. The equivalent circuits are shown in Figure 3. If the admittance 
and impedance due to slot loading are real, the phase velccities would remain equal but since this is not the case in 
general, the slot admittances for one polarization mode and the slot impedances for the other polarization mode 
must be controllable to simultaneously satisfy the required admittance/impedance for aperture distribution control, ; 
equality of phase velocity and equality and minimization of power into the terminating load. Some of the crossed i 
slot parameters for this control are; 


1. Slot length 

2. Slot width 

3. Slot angle 

4. Septum slot length 
5. Septum slot width 
6. Septum siot angle 
7. Septum thickness 
8. Waveguide width 
9. Waveguide height 


For the sum mode it is, in principle, possible to control the excitation by the slant angle of the crossed slots as is 
commonly done in linearly polarized sidewall slot arrays except that in the crossed slots, the longitudinal com- 
ponents of polarization oppose and only perpendicular polarization is radiated. This method of sum mode coupling 
was found to be impractical for low coupling values when near resonant length slots were used. For this reason, 
short non resonant slots were used and the coupling to the sum mode was controlled by slot length alone with the slot 
angle kept constant at about 50 degrees. For the difference mode, the slot coupling depends on the septum slot 
length and also on the radiating slot lengths as for the sum mode. 


The impedance/admittance parameters of the nonzesonant crossed slots as a function of slot length were 
determined by the "cavity" method® of measurement. The measured data for a slot angle of 50 degrees {s shown In 
Figures 4a and 4b, The conductance of the slots to the sum mode and the resistance of the slots to the difference 
mode can be controlled over a vide range (G/Y,, R/Zy = .002 to 0.15). This range is large enough to design any 
practical aperture distribution with minimum power lost in the terminating load. As shown in Figure 4a, the 
equivalent circuit for the sum mode consists of shunt elements (G and B) and the equivalent circuit for the difference 
mode consists of series elements R and X and also a shunt capacitance B}. The lengths of the non-resonant 
crossed slots were chosen to give the desired range of crossed slot coupling (G/Yp) values for the sum mods. After 
this was done, the septum-slot length was adjusted to make the coupling of the difference mode to any crossed slot 
equal to that of the sum mode, That ts, R/Zo is made equal to G/Yo. It was found that the septum slot length 
remained essentially constant for all sint lengths when the coupling coefficients of both modes were made equal. As 
a result, the desired range of coupling coefficients for both modes could be obtained by varying only one parameter; 
namely, the length of the crossed slots. 


Although G/Yo is equal to R/Z,, there is a further requirement that the phase velocities of the sum and 
difference modes must be equal, The equivalent circuit for the sum mode is purely a shunt element and If the 
equivalent circuit to the odd mode were a purely series element, making B/Y, equal to X/Z, would insure equal 
phase velocities. However, the odd mode equivalent circult is not purely a series circult because of the shunt 
capacitance By of Figure 3 and therefore must be reprasented by a tee or pi section. For thie reason, the phase 
velocities of the two modes when loaded by the crossed slots are not equal. The inequality of phase velocities can be 
corrected by cutting non-radiating slots in the septum. Any aperture cut in the septum has negligible effect on the 
sum mode characteristics but, in general, does affect the difference mode. This property is used to make the 
difference mode phase velocity equal to that of the sum mode. This is accomplished by cutting a transverse slot in 
the septum in the region between the radiating crossed slots. The transverse slot extends across the entire width of 
the waveguide. The insertion phase ia determined by the width of the slot. This insertion phase is leading which is 
required to compensate for the lagging phase due to the shunt capacitence (B)) for the difference mode. These equa- 
lizing slots are used in pairs separated by Ag/4 to minimize the mismatch effects. Measured insertion phase of the 
transverse slot as a function of slot width is shown in Figure 5. 
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4. BXPERIMENTAL RESULTS 


In order to demonstrate the feasibility of this technique, a two dimensional array comprised of twelve linear 
arrays of 36 crossed-slots per array was fabricated and tested. A photograph of the array is shown in Figure 6. 
The central eight linear arrays were actively fed with a corporate feed and the outer four arraya were terminated in 
matched loads. Bach of the eight active arrays had a dual ferrite phase shifter at the input--one phase shifter for 
each mode. The phase shifters are used for electronically steering the beam in the plane normal to the linear 
arrays and are also used for electronically controlling the polarization. A schematic diagram of one possible 
Psyenitaad - achieve polarization diversity by combining the two orthogonal polerizations of the array is shown in 

igure 7. 





4.1 Aperture Distributions 


The amplitude and phase distributions across the aperture of each linear array were measured with and with- 
out mutual coupling from neighboring arrays. These measurements were made using a near fleld measuring 
facility as shown in Figure 8. A small dipole was used as a probe to sample the radiated field distribution from the 
slot array aperture. The dipole was moved along the linear array by sliding its carriage on a track installed 
paralle} to the axis of the slot array. 


Typical measured amplitude distribitions for both the sum and difference mode excitations are shown tn 
Figures 9 and 10. It can be seen ihst the near field probe can resolve the radiated field from the individual slots, 
and the peaks correspond to the relative puver radiated by each slot. The envelope of the plot is, therefore, the 
measured aperture distribution. The plots show that the ideal design distribution was closely realized for both 
modes, 


The measured phase distributions across the aperture of the slot array for both the sum and difference modes 
are shown in Figure 11, These phase measurements were made after compensating for the difference in phase 
velocities between the two modes. The measured phase distribution compared closely with the computed design. 


The measured amplitude distributions across the array aperture with its neighboring arrays excited for both 
the sum and difference modes are shown in Figures 12 and 13 as a function of beam scan angle. The results show 
that the envelope still agrees closely with the theoretical distribution, and it remains fairly constant for all scan 
angles. 


4.2 Radiation Patterns 


The measured azimuth (plane of linear array) patterns at zero degree elevation (plane normal to near arrays) 
are shown in Figures 14 and 15 for both polarization modes. It can be seen that the beam shapes of the two 
orthogonal linear polarizations are essentially identical, Also, since the phase velocities were equalized, the beams 
point in the same direction, this assures a good axial ratio over the main beam in the case of circular polarization. 
The main beam direction is 10 degrees from the array broadside as predicted in the array design. A sidelobe in : 
the order of 21 dB appears at the opposite side making an angle of 10 degrees with respect to the array axis. This ; 
sidelobe is commonly referred to as the "reflection" lobe of the linear array. The reflection lobe in this case is 
more pronounced because of two reasons; (1) the cross slot is nonresonant, and (2) the number of elements in the 
linear array is small. This reflection lobe can be reduced by tuning the cross slots which ts a well known tech- 
nique in waveguide slot design. At about 46 degrees, another sidelobe can be observed in both patterns shown in 
Figures 14 and 15. This sidelobe is an uncancelled "grating lobe" and is caused by the fact that the number of 
linear arrays ts too small. The problem is made more significant by the choice of element spacing. The mechanism 
for the formation of the extraneous sidelobe can be understood from the following reasoning. Consider a single 
linear array of slots, the element spacing is about 1.14, The pattern of one Mnear array consists of a main beam 
located at -10 degrees, and a grating lobe at +46 degrees. By the addition of another Mnear array with the elements 
offset by half of an element spacing tn a staggered manner, the main beams of the two linear arrays reinforce each 
other, but the grating lobes cancel. The cancellation is only complete along the horizontal plane when the radiation 
phase of these two linear arrays 1s in antiphase. Away from the horizontal plane, the cancellation is imperfect 
because cf phase center separation in elevation between the linear arrays and two residual grating lobes remain. 

One is directly above the other and the other one directly below the horizontal plane. This pair of grating lobes ts 
analogous to an elevation difference pattern. As more pairs of linear arrays are added, the magnitude of these 
grating lobes is reduced until they disappear entirely. However, for the present case in which there are only a total 
of eight linear arrays, the suppression of these residual grating lobes ts incomplete. The degree of cancellation is 
also dependent on manufacturing tolerance of various components. Obviously, the unhalance in either amplitude or 
phase between the linear arrays would produce a residual sidelobe. The reduction of this residual grating lobe is 
automatic.when more near arrays are employed in a typical two-dimensional array. An estimate of the residual 
grating lobe as a function of the number of near arrays has been made. For a typical planar array antenna 
consisting of 40 linear arrays, the residual grating lobe is estimated to be below 40 dB. 


Radlation patterns were also measured for various scan angles. Figure 16 shows the patterns for the two 
orthogonal*lingar polarization modes for a 20 degree elevation scan. The patterns are essentially the same as for 
O degree'scany 
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4.3 Axial Ratios 

The experimental array was set for circular polarization, and the axial ratio was measured over various 
points within the main beam. As shown in Figure 17, the axial ratio between the 3 UB points ts within 0.5 dB. This 
data verifies that the individual beams for vertical and horizontal polarizations are coincident. 


4.4 Cross Polarization 


4 
: 
4 
: 
q 
f 


The cross polarization level was measured to be about 30 dB at the main beam region and is generally much 
lower elsewhere, The cross polarization level at the grating lobe region appears to be significant for this 
experimental 2-D array. This is due to incomplete cancellation of the grating lobes among a small number of arrays, 
Fore laraer 2-D array, the residual grating lobe and its cross polarized energy are expected to be greatly 
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Fig.1 An arbitrarily polarized cross slot in the T-septum waveguide 
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Fig.2(a) Sum (even) mode excites perpendicular polarization 
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Fig.2(b) Difference (odd) mode excites longitudinal polarization in crossed slots 
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Fig.3 Equivalent circuit of cross slot in two modes of operation 
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Fig.4(a) Normalized slot conductance or resistance 
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Fig.4(b) Normalized slot susceptance or reactance 
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Fig.5 Insertion phase of transverse slit at septum 
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Fig.6 Photograph of the cross slot array 
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Fig.7. Method of polarization control 
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Fig.8 Near field probe room and antenna setup 
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Fig.9 Measured cperture distribution for sum mode 
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Fig.11 (a) Calculated residual aperture phase, after phase velocity 
compensation, after non-linear phase compensation 
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Fig.11(b) Measured aperture phase of a crossed sict array, after 
phase velocity compensation. after non-linear phase 
compensation 
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Fig.15 Radiution pattern for horizontal polarization 0° scan, 9.5 GHz 
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Fig.16 Radiation patterns at 20° scan, 9.5 GHz 
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Fig.17 Measured axial ratio of two dimensional slot array 
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DIsoussion 

JR. : The suppression of grating lobes by means of staggering the arrays gives the 
best suppression in the broadside azimuth plane. When the array is scanned in elevation 


these grating lobes increase in level. What was the highest level over the elevation scan 


a what was the elevation scen range? 
rheipe “what caused the high level amplitude perturbations in the near field amplitude ; 


distribution for 40° scan. 

Ee AJIOKA: 14 For the triangular slot spacing of 1,706 rea dana by esas 

i rating lobe contour was calculated but was not given in the paper or viewg » 
oe bs Pprodused oa page 42-15. This curve shows the scan position of the main beam when 
the first grating lobe occurs at some endfire pcsitioa (generally not in the principal planed 
For thi8 array, the elevation acaen limit is about 0 degrees from broadside. 

2e The amplitude variation in the near field probe measurement shows the resolution of 
each individual slot. The envelope or peak values give the true aperture dist:ibution. 


:_THRAVES: I have three questions. (a) What process did you use to design the array 
whi ch Fake oe tual coupling between the elements into acccurt. 
b) Is each slement matched to the waveguide. 
c Could you not use the property of the slot in the common wall of the two wave guides 
to produce the antiphase between elements. This as I'm sure you know would of course reduce 


the grating lobes thatat present exist. 
J.S. su TOKA: The practical method by which travelling wave waveguide slot arrays are 


ag onsideration is this: 
deataee piteing fan Lineae anchse unin the bent data available that is qualitatively corvect 
ta t on ingle isolated slot). For example, in edge slot arr 8 with 
(25 may be, date iheeeice angle-is the aveinien vasese for Bio anol tetien -— the. reater 
the slot angle, the greater the slot coupling whether it be isolated or in the active array 
environment. 

2e Take this preliminary array of iinear errays (experience has shown that five linear 
arrays are sufficient) end probe the near field for amplitude, phase and power into the 
terminating load. Caicuiate or estimazethe ohmic losses in the waveguide. 

3s From these data, the slot parumetera can be calculated. Now, one can make a table 
of slot admittance vs. slot aagle vhich was taken in nearly the exact environment including 
aperture taper and, in shaped beam designs, approximately the correct non-linear phase 
environment. 

4. From this empirically derived tsble of Parameters,a new ret of sict arrays is built. 
Experience has shown that this first iteration will result in a satisfactory design. If net, 
repeat the procedure. Antennas with better than ~30db sidelobe and high efficiency over a 
12 per cent bandwidth have been designed and produced using thio simple technique. 


ll. Ae to the question of each siot being matched to the weveguide, this is generally 
not a problem except when the main beam is at broadside to the linear array (resonance 
condition) because it is well known that the VSWR of 4ong travelling wave arrays Peak up at 
the broadside frequency and low VSWR at frequencies corresponding to off broadside scans. The 
VSWR vs. frequency plot resembles the antenna pattern -- the VSWR peak at broadside ig 
analogous to the main beam of the antenna pattern. In practive, the broadside condition is 
avoided (usually by ebout three beamwidths minimum). In the present case, the main beam is 
always about 10 degrees orf broadside to the lincar arrays. If it is necessary to cperate 
through oroadeide, then the elements should be matched to the waveguide and in practice, only 
the slota with large coupling need be matched and this has been done successfully by matching 
in groups with irises or posts between the slots. 

In 7 rere re nan cross eet array which has non-resonant slots, the phase is compensatad 
dD ctive elements between / . 
alii 3¢e ang! Shase p ste°tn tnetwritven papers dn the written paper. See the near field 

° plasing o ernate slets to make the slot spacin instead o y 
for the odd mode but not for the even mode. . eh/e : 2 Sg 


Js JACOBSEN: What is the bandwidth of the antenna? 
2e Ow was ths waveguide manufactures? 


J:8: AJIOK4: The bandwidth was about 6-7% 
2. the Special waveguide was formed by comiszing two ordinary x-band waveguides, 
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The beam frequency 

scans slightly in 

azimuth centered about 

10 degrees from d) = 0.464 INCHES 


broadside G2 = 1.366/2 INCHES 
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Stepped Reflector Antenna with a Sector Shaped Main Beam 


H. Thielen 
Peremerde rect sche’ Zentralamt 
er 
Deutschen Bundespost, 
Darmstadt, Germany 


Summary 

The optimum pattern of an antenna of telecommunication or television-broadcasting 
satellites consists in a sector-shaped main beam without any side lobes. In this case 
the “edge gain" (i.e. the gain function at the edges of the coverage area on earth 

is 4.1 dB higher than that of a conventional antenna. wanory indicates that ,such a 
pattern is produced by a circular aperture illuminated by the eeoeatet ine A = 
function. Measurements were made with a paraboloid reflector antenna con ainidg a 
dielectric dish in its central zone. This dish effects a phase reversal of 180 
between the central zone and the remaining ring zone of the reflector. The “edge 
gain" of this antenna is 1 dB higher than that of a conventional antenna. An increase 
of 1.4 dB would be obtained by a better feed system. It is also possible to achieve 
the phase reversal by an arrangement of metallic steps with a height of about one 
quarter-wavelength. If an antenna with two or more ring zones is used, a further 
increase of the "edge gain" can be obtained. 


1. Introduction 


For the purpose of saving transmitter power, it is desirable that the antenna of 
a telecommunication or telaevision-broadcasting satellite has a maximum gain. The 
gain, however, cannot be increased beyond a certain value if the coverage area on the 
earth is a finite surface. In this case there is a theoretical maximum gain which 
depends on the geometrical dimensions of the coverage area and the distance of the 
satellite from the earth surface. An optimum illumination is achieved if there is a 
constant field strength within the coverage area. The transmitter antennas of tele- 
communication satellites used at present are mainly horn or paraboloid antennas. The 
main beam of these antennas is Dey snares with the resulting disadvantageous effect 
that the edge of the coverage area on the earth is less intensely illuminated than 
the center. In addition, the radiated energy ig partly wasted by by-passing the 
coverage area. 


In the case of small coverage areas (Western Europe, for example), the optimum 
illumination resulting from a constant field strength pattern is achieved by means of 
an antenna having a sector shaped main beam without side lobes. If large areas of the 
earth or the whole earth is illuminated, the optimum antenna pattern deviates a little 
from the ideal sector shape and requires an increase of the level at the edges of the 


coverage area. 


An Intelsat paper (N.N. 1966) published in 1966 included the statement that it was 
impossible to use antennas having shaped beams because these require too large a 
diameter. This statement was only correct as long as satellite transmitters were 
operated in the 4-GHz range. However, according to recent plans for operetine tele- 
communication and television-braodcasting satellites at frequencies above 10 GHz, 
antennas will be reduced in size and, as a consequence, it will be possible to use 
antennas having shaped beams. 


2. Theoretical aperture illuminations 


An antenna pattern having a main beam in the shape of a circular sector and no 
side lobes at all,is produced te an infinitely large circular apertyre illuminated 
according to the/\7-function (Koch, G.F., 1965). Fig. 1 shows the/\ 4-function to 
the sixth zero (AV. 4(x) = Ris(x)/x)- But even a finite aperture illuminated 
Seen aioe to a truncated 4-function may provide a good epproximation to the 
sectorial pattern. The approximation is the better the more "half-waves" of the 

4~function there are in the aperture. If only multiples of integers are allowed 
for the number of "half-waves" of the illumination function in each aperture half, 
the illumination function may be written az follows: 


204354. a?) 


Jy ,m7 


h(t) Ay (3, nt) = (1) 


with r = §/a 


is the radial component; a is the real aperture radius; r is the aperture radius 
normalized to the maximum value 1. j,,m are the zeros of the Bessel function of the 
first kind. Hence m indicates the number of zeros of the illumination in each 
radiator half. m= 1, for instance, denotes a constant phase illumination decreasing 
towards zero as the edge is approached; m = 2 means that there are 2 “half-waves" 
and m @ 3 that there are 3 "half-waves" in each aperture half. 
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| As the level is, in general, lowest at the edge of the coverage area, it is 

| necessary to optimize the gain in this direction. Since there may be one or more 
| 
{ 


minima in the main beam of an antenna with a q7illumination, the following 
additional requirement has to be satisfied: 
E(9)% E (3) of VEY, (2) 


In Eq. (2) J denotes the radiation angle of the antenna as seen from the central 
axis; a is the angle between the central axis and the ray directed towards the edge 
of the coverage area; E(*) and E(%) are the values of the field strength produced on 

e earth. 


A closer examination was made of the radiation characteristics of circular aperture 
antennas wheee aperture field strengths satisfy the following functions: 


hao) = AA, Gas 7) fr Os 7r 54 


tate) [Aa Gyr) fe OF re ay = 
hy “A, (3427) for jes <vria4 
4 < 4 (3b) 
hy (r) » AvGis7) = en 
kN Gas for Fr <vd gs 
BN, Cant? for is evi (3e) 


Ko, ki, and ko are constant factors. 


The calculation of the antenna pattern for the different values of ko, k1 and kp was 
made according to the following formula: 


" 4 
C (3) J f(>) 3, (ur) de (4a) 
@ 
with us or aind (4b) 


D is the aperture diameter; X the wavelength. 

The gain may be calculated from the antenna pattern, using the equation. 

Aas Rea a (5) 
{ 709) cin Dal 


The gain function a(% ) - frequently G( %) is also called "edge gain"-is 
obtained from the relation 


G(I,) = G C704) (6) 


In the case of the illumination ho(r) (i.e. constant phase illumination to the 
first zero of the Z\. 4-function) the value obtained for the "edge gain" is 


4,56 
G (9,) aint, (7) 


The same value is obtained for antennas with the illumination h(r) =/\o(r) « Jg(r) 
It is well-known that this function is the optimum illumination of circular aper- 
tures with constant phase illumination if a maximum "edge gain" is to be achieved 
(Rebhan, W., 1966, 1967). 
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Table I 
Geometric dimensions end radiation characteristics of olroular aperture antennas 


a) Theoretical aperture illuminations 





| Titumuation =| 





b) Practicable 


Feed II 


=17 dB 


Feed III 


~30 dB 
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In the case of the illumination function being hi(r) - i.e. 2 "half-waves" per 
aperture half - the optimum of an antenna is achieved at ko = 0.65 (Fig. 2). The 
"edge gain" is in this case 


G(3,) = a. (8) 


dint J, 


It is true that the “edge gain" still increases with growing values of ko, but 


antenna patterns having illumination functions with ky > 0.65 do no longer satisfy 
the requirement of Eq. (2). 








' 
f 
r 


In the case of illuminations which are truncated at the third zero of, the /\. 


reenges the optimum is achiaved at ki = 0.9 and k2 = 0.7 (Fig. 2). The "edge gain" 
8 


2,64 
GS) = aint, (9) 


2 GER EVENT EE 


The gain of an antenna having a sector-shaped pattern is 


eke % i 
G2GC3,) 4-cood, = Goin LAP (10a) 


For small values of «% the relation holds that 


G 26 CS,) TI (10b) 


Hence, the increase in the "edge gain" as compared with an aperture with constant 
phase illumination is 1.4 dB if the function is truncated at the second zero and 
2.3 4B if the function is truncated at the third zero. An ideal sector shaped beam 
: allows even an increase of 4.1 dB to be achieved. 


Table I contains some data on the geometrical dimensions and the radiation 
characteristics. 


3. Practicable aperture illuminations 


As the illumination consists in a function oscillating from the center towards the 
‘ edge with a decreasing amplitude, a phase reversal is required after each zero point. 
, This phase reversal may be achieved by providing a paraboloidal reflector with 

; suitable steps (Koch, G.F., 1965). Fig. 3 illustrates the basic features of this re- 
; flector. It consists of a paraboloidal reflector with the focal length f1 whose 

: surface is equipped with several ring-shaped metallic steps. The contour of these 
steps have the shape of 4 paraboloid of focal lenth fo. 


t The difference of the focal lengths is 


f,-f, «Al¢ (11) 


A horn antenna may be used as a feed. Such feeds, however, cannot provide an exact 
reproduction of the /\.,-illumination. The /\. 4-illumination is continuous whereas the 
aperture illumination of the stepped reflector has discontinuities at the zero points. 


It is the purpose of the following passages to investigate the radiation charac- 
teristics of a stepped reflector consisting of the central zone and only one ring- 
shaped zone. As mentioned above, the radiation of this ring-shaped zone is reversed 
in phase with respect to the radiation of the central zone (Rothe, T., 1973). 


If the pattern Crly) of the feed is known, the pattern C(s+). of the stepped 
refiector antenna can be calculated as follows: 


C (4) + feplrl ACA 24, tg Vz oin I) dg H/2 hy 55 


¥, 
~{ Colv) Jyh -2f-e9 viz vin Beg We by 


In Equation (12) y is the radiation angle of the feed, 2 Y 2 is the angular 
aperture of the central zone as seen from focus and 2 YW, the angular aperture of 
the whole paraboloidal reflector; k = 2177/2. For calculating the pattern of the 
stepped reflector antenna, the measured values of the patterns of different feeds 
were inserted into Eq. (12). These feeds have a pattern of approximate rotational 


he pa NER ERE RT TE 


; syanetry rig. 4). Finally, the pattern of the stepped reflector antennae was used 
; for calculating 


the gain and edge gain according to Eqs. (5) and (6) 
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The results of the calculations are listed in Table I. Dz is the diameter of the 
central zone of the reflector. G(«<%) is the value of the "edge gain" without con- 
sidering the spill-over, G'(.% ) is the value of the "edge gain" including the 
spill-over. Consequently, G'( 4%) = Lp. G(% ). The indicated values of the spill- 
: over efficiency Y) » are known from the experience of previous measurements. The 
other losses caused by aperture blocking, cross polarization, etc. are not taken into 
account. The illumination level at the edges of the reflector is also indicated in 
Table I. o 


The optimum "edge gain" G(4) of a stepped reflector having a horn feed is only 
about 1 dB higher than the "edge gain" of a conventional paraboloidal antenna. In the 
‘ase of the aperture illuminated according to the “\.4~-function, which consists of 
“he central zone and one ring zone, an increase of approximately 1.4 dB was achieved 
(sea Table I and Eq. (8)). ‘The reduction of the gain increase by 0.4 dB is mainly 
attributable to the high side lobe level of the stepped reflector antenna (see Figs. 
6 and 7). The high side lobe level is caused by the unfavourable amplitude distri- 

F bution of the aperture field. There is a possibility of changing the amplitude of the 
. aperture field by developing other antenna types. The appropriate solution which 

suggents itself is a shaped Cassegrain antenna having a stepped main reflector. The 
use of shaped reflectors allows the amplitude distribution in the aperture of the 
main reflector to be improved (Galindo, V., 1964; Williams, W.F., 1965). 





4, Experimental results i 


For experimental purposes a model was designed consisting of a paraboloidal i 
reflector with a Plexiglas dish (Fig. 5). The propagation velocity of waves in a ; 
dielectric material is smaller than in air.’.The thickness of the dish was chosen in 
auch a way that there is a delay time difference of 2/2 between the rays directly 
reflected by the reflector and those passing through the Plexiglas dish. The re- : 
flector has an angular aperture of 2 x 50° and a diameter of 60 cm (Rothe, T., 1973). 


For the measurements two different dishes having the diameter Dz = 44 cm and 
Dz = 40 cm were used. In the first experiment (in which the diameter Dz was 44 cm) 
the feed was an open circular waveguide having the diameter of one wavelength and in 
the second case (the diameter Dz, being 40 cm) a dual-mode horn having an aperture 
diameter of 1.7 wavelengths. 


The deviation of the measurement results (Figs. 6 and 7) from the calculations 
is mainly attributable to the aperture blocking caused by the feed and the feed 
supports (increase of the first side lobe). 


In the case of the stepped reflector antenna with the dual-mode feed, the measure- 
ments were made only at a frequency of 8.8 GHz. It was impossible to make broad-band 
measurements because the feed has a very narrow bandwidth. The pattern of the 
stepped reflector antenna with the open waveguide feed was investigated in the fre- 
quency range from 8.5 to 9.3 GHz (Fig. 8). The patterns measured at various fre- 
quencies do not differ very much from each other. In view of this, the stepped 
reflector antenna discussed here may be assumed to be usable at a relative bandwidth 
of approximately 9 percent. 


There are plans for making experiments in the near future in order to test a 
stepped metal reflector having a diameter of 90 cm in the X-band. In this case the 
measurement results are expected to be better than those of the previous tests be- 
cause large reflectors are less affected by aperture blocking. 


5. Final remark 


This paper did not investigate antennas with global beams. For the illumination of 
the whole earth horn antennas are more appropriate than reflector antennas because in 
this case the beamwidth need not be as narrow. For producing sector shaped radia- 
tion patterns with broader beamwidths, multimode and coaxial horns can be used. 
Several papers have already been published on these antennas (Rebhan, W., 1966; 
Scheffer, H., 1970; Thielen, H., 1970; Koch, G.F., 1973). 


List of symbols 
a aperture radius 


Dy dianeter of tne central vone of the averture i 
D aperture dianeter { 
fy, ) focal lengths of paraboloidal reflectors 
G maximum gain of an antenna j 
G( <4) gain function in the direction <% 

h(r) illumination function of a circular aperture 


: 
{ 
~ 
i 
4 


Tg (2) 14 (x) Bessel functions of the order zero and one, resp. 


Jam m-th zero of J,(x) 
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r= §/a radial compon. normalized to the max. value 1 

Np spill-over efficiency 

$ radiation angle as seen frem the central axis of the antenna 
a, angle between central axis and edge of the soverage area 
A, (x) = 23, (x)/x 4\. ,-function 


x free-space wavelength 
g radial component 
Y radiation angle of the feed 
A Yo angular apertures of paraboloidal antennas 
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Fig. 3 Stepped reflector entenna with horn feed 
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Fig. 5 Paraboloidal reflector antenna with dielectric dish 
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DISCUSSION 
&,SOHRUET: Do you think that the high sidelobe level in contrast to your theoretical 
investigations depends on the diffraction of the rays at the additional edges? 


H. THI : The increase of the side lobe level - e.g. the first side iobe is raised . 
from 13.3 heoretical value) to 10Gb (measured value) is mainly attributable to the 
aperture blocking caused by the feed and the feed supports. The effect of the aperture 
blocking is much higher than that of the diffraction at the edges. Moreover, the diameters 
of both the central zone and the whole reflector are relatively large (20 and 30 resp.) 
For that reason the influense of the edges is very small. 


“ a 
P. FROIDURE: Nepensez vous pas qu'il peut y avoir une perturbation due a une reflexion 
parasite a la renel tion air plexiglass. 


Pour limiter ce phenomene ne serait-il pas preferable de placer le dephaseur a 
dielectrique a la periphérie du miroir ou les champs sont plus faicles. 


» THIELEN: 1. When we have determined the thickness of the dielectric dish, we have paid 
"isidence 


ltiple reflection of the ei da e 
Q sh multiple | ‘ef posh a, peter ayes in that dish Since there is a nearly vertica 


2. In the central zone the reflector is relatively flat. Therefore in this zone a 
better approach to the vertical incidence is schieved than in the outer zones of the 
reflector. 

3e With the stepped metal reflector we obtained better results than with the reflector 
having plexiglass dish. 


| 





